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‘DRAINAGE, OF AIRPORT SURFACES—SOME. 
BASIC DESIGN 


By STIFEL W. JENS, 1M. ASCE. 


We For determination of 1 unoff rom the flat turf surfaces encountered on the 


-inter-runway areas of a orts, a methodology i is tho newer 
“knowledge concerning retention, infiltration, and overland flow. Since de- 
“termination of supply rates is required, a detailed procedure is given that takes - 


“into. account not only the fact that in nature antecedent precipitation within 
the storm reduces infiltration capacity values, but also the fact that in = 


sorms rainfall rates are less at times than the related infiltration capacities. 
Ww Within most turfed areas a peak-reducing pondage i is available and practical 7 


procedures are developed for obtaining the outflow rates s from ‘the ponded s areas, - 


Two examples of design are ‘presented. ' These illustrate that, once pipe sizes 


are ‘selected and a hydraulic balanee i is achieved for 1 runoff from rainfall of a 
el ‘selected frequency and and. duration, the capacity of a system varies but. little | for 


7A 


other or durations due to the relati tion large “changes in mass” 


to very small changes in depths. 


Inrropvetion 


Tr permit safe and satisfactory landing and take-off of airplanes, the 
‘removal of surface | runoff is generally the primary problem i in airport drainage. 

: At properly selected airfields, only isolated and relatively small parts of the 
z= area ordinarily will require subdrainage. For scheduled airline operation or 
any ‘other use that does not require all-over landing, a basic drainage require- 
1 ment has” been established by government regulator y authorities, airport 
¥ “Managers, and that surface ru runoff from ra rains once in n two 


grading and drainage « engineers a remarkable opportunity to minimize 
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a4 In setting ae 2 pavement and inter-runway grades, consideration should be 

3 given to the possibilities for providing maximum pondage « capacity below a hori. 
zontal plane s surface whose nearest edge approaches within 50 ft of tl the pavement 
ae ad edges. - hus, , practically the entire field can be served by inlets at low points 
in turf. areas surrounded by paved runways and taxiways. The dominant char- 
_ acter of this type of drainage is illustrated by the fact that, for a major trans- 
‘port. field, such as the at St. Louis, Mo. (Fig. 1), 
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80% of the total area requiring artificial drainage within the airport 
boundaries can be handled i in this manner. This paper is toa discus 
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selection. of the runoff coe 
sin which Q is the > of in n cubic feet per Ti is the intensity 


rainfall, in inches per hour; and A is the drainage area, in ‘acres. 
‘Using only ¢ accepted hydrologic engineering principles and generally a’ avail- 
able data, it is s possible to develop : a procedure whereby values of | q; the dis- 
charge per unit width, may be directly determined. Such procedures involve: 
(1) Choice of F gross rainfall patterns or critical rates for various durations for 


the agreed frequency (in this case two years); (2) selection of an ‘infiltration 


-eedent circumstances; (3) correlation of the infiltration capacity curve with the 
gross rainfall, to secure a net supply pattern; (4) further correction of the net 

— supply pattern by abstraction of retention from the first excess rainfall ; (5) de- 
termination of the effect of surface detention in altering the shape. and of 

_ the net supply pattern through the requirements of overland or s sheet flow; a 
and (6) determinations, required for the ponded areas in the airport, of the 

effects of pond storage on the : shape and peak of the inflow hydrograph in its 

translation: to an outflow hydrograph. For urban areas, 
have been developed a as in Los Angeles? | Calif., 


g ‘United States Engineer Department has ‘adopted a general ection for the 


i” runoff at selected pee on airports 3 for the p purpose of f checking and improv- 
ing design rocedure. 


or Basic RAINFALL Dara 

Z The customary rainfall- duration curve for any specific frequency, suc such as has 
shown i in Fig. gives only the a average 

ticular duration pet supplies no information as 

to how the intensity varies from the average ¢ 
during the duration period—and the intensity 
"Practically y always does in nature 
_ Neither does the curve suggest how these i iso- 3 


— lated periods are involved in storms as a whole e. ¢ 


Ve 


per Hour 


in inche 


Since detailed knowledge of both these 

natters is necessary to the methodology pre-— 

sented, a special analysis is carried o out in Fia. 2. 
following manner: For the St. Louis’ area,® de- Two-Year FREQueNcy IN 


Sr. A: 
tailed rainfall data forming the basis of the 


~ statistical studies for: the development of the two-year frequency 1 rainfall curve 
shown in Fig. 2 are available. For each duration a sample of about 


= Method of Urban Runoff,” Ww. I. Hicks, Vol. 108, ‘1944, 


ign of Drainage Facilities,” ‘by Gail A. Hathaway, is in “Military Airfields: A A Symposium,” 


‘ 
Relation Between. Rainfall Run-Off Urban A Areas," by w. w. and Fr. 


t, ibid., 101, 193 4 
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individual storms was chosen, well distributed throughout the series, with the 
same average precipitation rate rate for the critical period as that shown on the © 
two-year frequeney curve. 


Table 1 tabulates these storms for maximum 20-min intensities. For 


3 TABLE 1 OF RaINnFALL PatrerNn, INcLUDING§ 


2 2-15... Infiltration 


5 8-12-16...|< Infiltration 
8 4-25-21... Infiltration 
9 Net rain 
whe 
1 8-27 Infiltration 
2 Net rain 
4 8-2-2: 22.. Infiltration 
5 Net rain 
16 Rain 
17 | 8-23. Infiltration | |... 
4 {Pilati 
4 20 
21 


25... Infiltration 
4 Rain 
Infiltration 


"04 : 
8-23-26... Infiltration 98 2.81 
| oss | oss | om 
6-19- 28. Infiltration 0.83 | 0.78 On 
Average... “Rainfall @. 08) 0.18) (0.059) | 


be each eee the rainfall rate in each 5-min or 10-min period i is so arranged that 

the critical 20-min values are entered one below the other. In Table 1, Col. 4 

the 10-min period beginning 70 min before start + of the 
Col. 10, that 10- -min period immediately preceding | the maxi 


aximum 
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min was determined and the resulting ‘in Fig 3 for the critical 


o-year, 10-min, 20-min, 30-min, and 60-min 


‘idea of isolated is quite unrealistic. 


NG Tro Maximum 20-Min Rain, 1n INcHEs PER Hour, For 0% 
ND 
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nth 5 Min 
| ay 


(154 0.39 7 Y 
2.41 2.28 | 2.10 0.82 12, 
2.24 1.32 (187 
0.45 | 0.23 0.10 
2.61 2.34 1.04 35 
| 435 | oon 
0.96 | 1.50 | 
«1.56 3.39 | 0.76 
206 | 120 | 163) | 0.89 
73 4.33 3.80 
| 120 | 207 | 0.89 
0200) 248 | 140° 0.06 
168) | 126 | 109 | 0.90 
062 “| —0.84 
3.72 | 168 | 240 0.49 | 
0.77 | 069 | 0.75 0.63 
(226 | 432 | 3.04 0.36 
240 | 162, 2199 1.02 0.80 
2:10 | 1.05 66 0.80 
1.80 3.09 1.12 
06 120 | 207 0.73 
).62 00 | 2.52 2.37 (0.45 
72 0. 65 | 060 | 0.79 
43 4. 468 | 2.31 
2.91 4 2. (194 =| 1.27 2.04 0.74 
¢ 2.74 1.04 1:38 0.66 
0.050) (2.506) | (3.529) | (2.539) | (2.78) 0.4 
0.08) (0.377) 1.654) (1.122) 0.2 


= The United States Department of Agriculture, through ae 
a flow from small watersheds and from infiltrometer applications, has produced a © 


large x number of infiltration capacity curves for various soils with grass cover, 
generally: for. agricultural areas: as “meadow or At least two 
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be normal for airfields. _ These areas would be similar in surface condition to 
city lawns. One such series was carried out at St. Louis for lawn grass on a 
yellow clay ‘subsoil; the other in Anacostia Park, at Washington, D. Cc. for 
- lawn grass on herdenailie fill subsoil oil consisting of f mud dredged fr from the Potomac 2 
River. For similar antecedent conditions the 1 values for these two areas 
_ very nearly identical. Curve (a), Fig. 4, is representative of the values at either 
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Fie. 3.—Averace Ratnratt Parrerns ror Storms or Vartous DURATION 
IN THE Two-Year Frequency SERIES = 


location for wet and heavy. rainfall within the 


a oe preceding 2 24 4 hours. ¥ Curve (6) is representative of St. Louis « conditions under 
average summer ‘monthly ‘rainfall with no considerable. application of pre- 


yar a cipitation for the preceding three days. 1 Undoubtedly, for very dry summer 


conditions with soil a much higher seri series of values w would 


Infiltration capacity shown in Fig. may be accepted as reasonably 
See representative of the values for a turfed cover for ar rather wide range of nen 


There is little artificial compaction such as would occur from trampling of the 
et surface under intensive recreational use or from ee over ver city lawns. In 
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all probability, representative curves | for city lawns would be slightly lower than 


those shown. - For sandy loams or sands, values would be 1 materially higher. 


INFILTRATION CAPACITY TO RAINFALL OccuRRENCE 


_ Since the objective is to develop runoff values which on the average will be 

— equaled or exceeded once in two years, the sample critical rainfalls previously 
discussed should be matched by an infiltration eapacity « curve which is normal 
7 _ the turf areas at the time of occurrence. Also, the curves should be properly 


related on the basis of the rainfall preceding the critical period. - For the sample 


rains, thes average 2 elapsed time to the preceding r rain was 3 sind and the average 7 


Time 
Fic. 4.—Inrmrration Capacrry FoR WET AND NORMAL 


n. 


the average, -eurve (b), Fig. 4, is properly the occurrence 

these storms. _ Applying an initial value of 31 in. per hr as the probable infiltra- 

Be: tion capacity rate at the beginning of rainfall, curve (6), Fig. 4, was matched to 
rainfall pattern i1 in each of the Tepresentative sample storms. 


5-min or 10-min rainfall period, the following principle w was used: On 
curve (b), Fig. 4, are indorsed, at various points, the mass infiltration that could Pom 
oceur up to each time if the rainfall at all times until then equaled « or cd 
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rates, the total possible mass infiltration between 15 min 0. 53 in ) and 20 min 
(0.64 in.) is 0.11 in. © Whenever the rainfall rate exceeds the infiltration capacity 
-Tates throughout an any y one time period, the drop i in average e infiltration capacity — 


=< 


“falls below the infiltration capacity, whee for antecedent 

th 

assumed. to beat t at the by the infiltration ‘capacity c curve correspond- 

} ing - to the same actual incremental mass infiltration ml on the curve. 


IP 
4 
4 


: approximate, but it i is s sufficiently. well indicated to justify ite use in n positioning 


Table 1 shows the related ‘infiltration and rainfall rates: for each | Semin or 


10-min pe period of each of sample storms for the 20-min dura- 


RUNOFF FOR 100% Penvious AREAS 


For each 5-min or -10- min period of the rains in ‘Table 1 the net surface 


— is obtained by direct subtraction of the infiltration rates from the re- 
= rainfall rates. _ These rates represent production of surface runoff at the 


ground and are further adjusted from the first excess ri rainfall: the 


“the series of sation supply rates produced « on the average by the rains which 7 
give the two-year frequency critical 20- min period. © More particularly, values 
are determined rain by 1 rain and ) no averaging is done until the net supply — 
values in each 5 5-min or 10-min period have been calculated. — ‘Satisfactory values 


could not have been calculated from the average rainfall for each 10-min period | 


ye for the whole sample and from the average infiltration rate. 

am These values of supply rates result from | a a procedure | that takes: full account 
of both: the effect of antecedent rainfall i in reducing infiltration capacity foaeal 


infiltration capacity values. The for retention recognizes 
the existence of + very shallow saucer-like depressions \ which must be filled before 
surface runoff ff proceeds and in which a small 1 amount of w water i is retained at the 
end of surface runoff. ‘The p procedure e also makes evident the infiltration ca-_ 


b a pacity rates that will exist after the end of production of net supply, and there- 


2 _ fore permits evaluation of the additional infiltration that will result from over- - 
land flow during the recession of the hydrograph. 

_Ruwnorr rrom Partiy Arrport AREAS 


‘eae procedure thus far gives fully realistic values of runoff from wholly 


pervious surfaces where infiltration is proceeding throughout. However, 
the majority of the ponded interpavement areas, water is discharged from half- 


or half-taxiways on to the These areas are 
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It should be possible to evaluate such mixed areas satisfactorily by assuming 
ay 1 the pavement, after a slight deduction (0.05 in.) for 
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-— retention on the pavement, can be considered as resulting from a proportionate 
sven of rainfall on the turfed area. For example, for a 30% impervious area, 
i impervious ‘part is three of the turfed part, and the rainfall pat-_ 
™ accordingly can be increased item by item to ten sevenths of the original: 
value. This procedure has been followed for each of the selected sample 
in each ¢ of f the duration ser series and for imperviousnesses of of 10%, 30%, and. 50%— 
the range of values encountered in airport drainage. 
these modified rainfall patterns, infiltration | capacities were recom- 
_ puted for each successive time period for each sample rain, and new — 4 
of supply were prepared in the same manner as in Table 1. © When the ante- ‘a 
a a rainfall on the turf is assumed increased i in this manner, infiltration ca 


(a) 0% Impervious 


(0) 10s Impervious" 
30% Impervious 


(d) 


Rate of Supply, in Inches per Hour 


Time, in Minutes 
Kye. 5.—Patrerns or Surrace Runorr FoR 30-Min Rarnratt Perrop AND 


PerRcENTAGES OF IMPERVIOUSNESS 


those originally computed, and hence ‘the resulting supply | rate patterns are 


- inereased not only by higher rainfall rates but also by reduction of infiltration 7 
capacity. ‘Fig. 5 shows patterns for one rainfall duration and four percentages — 4 


The question naturally arises as to the physical propriety of treating water 
, poured on the upper margin of the turf from the pavement as the equivalent 
of additional distributed over the turf. This matter has been subjected 


within a critical duration. No doubt, the actual "dntibution i is not the 


s that resulting from the eee but this difference does not seem great — 


4 
= 
— 
| 
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. ‘sufficiently high so that some of the water entering the upper margin near the - 
a beginning of the rain will arrive at the outlet by the end of the critical period. == 4 Fie 
aa 
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outflow from the lower r margin n of the turf. 


Les a ‘Fig. 6 shows the entire series of supply on for the various durations and 
percentages of imperviousness considered. These two-year frequency values 


a? 8 are related to an all-turf area and must be adjusted by multiplying by ¢ 0.5, 0. “i 
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in Inc 
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AND Donarions oF Maximum PERIOD OF SUPPLY 


Rates oF INFLOW TO or INLET 
we patterns available for various durations and various per- 


lal of impervious area, it becomes necessary to determine the hydrographs _ 
of inflow to the or inlets. Thus, an the effects of overland 


On tl the i impervious areas, the supply f for ‘surface d develops 
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the turf. For the lengths and slopes. involved in half-runways 
half-taxiways, flow is quite rapid and reaches equilibrium in from about 2 min 
to 5 min; thereafter, for a constant supply Tate, discharge from the pavement 
= to »the turf continues equal to the » supply 1 rate. As discussed previously, the | 
_ assumption is made that the effects of runoff from the pavement m may be treated 
by adjustment of the rainfall on the turf. 
Characteristics of flow over turf are quite different. As the rainfall 


up supply within the down the ‘slope between the grass. 


7 


60 


in which qi is the o odio: ge in aii per hour, at the lower margin c of a turf 
strip; o is the supply rate, in inches per hour; tanh is the hyperbolic tangent; 
t is the time of supply, in minutes; 6 is the depth of flow, in inches, at the lower — 
; ae of the turf; is the length of overland flow, in feet; S is the absolute 
— of the tt turf —" and bets reciprocal of of the ratio of the average — 


0. 100 sed the ‘United States A Army This n-value is not 
strictly comparable. to the Manning n. An average » flow slope of 


75% lias been used for all pervious areas. 
- _ Mr. Horton found that, for overland flow over turf, the profile i is essentially 
parabolic with an average dep th two thirds: of that at the margin. . Where 
additional supply i is is poured on to the upper margin from pavement, the profile - cal 


= involve greater depths in the u upper part of the turf strip and the average “a 


will be somewhat greater than two thirds. For 507% i impervious 

a 


only toa area where the flow arrives along one margin. 


In practically all airfield grading, the pockets are essentially inverted a 

with the flow converging toward a central inlet. The flow, therefore, may be — 
visualized as occurring on triangular strips with an aver age width of 1 ft. ‘For 
this situation, the overland flow hydrograph is so complex that it be 4 

reduced to usable mathematical equations. 

total: detention on the triangular strip n may be ‘slightly | less than that of the : 
6‘*The Interpretation and of Runoff Plat Experiments,” »” by R. E. Horton, Proceedings, 
Science Soe. of America, Vol. 3 » 1938, pa 
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ept., Washington, D. C., September 1942, Chapter XXI. 
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equivalent rectangular strip, and the at the lower margin r may 
4 slightly greater. _ The differences, | however, are n not great and th the basic formulas 
have been used to determine the rates of flow into the pond or ‘inlet. nee _ 
_ ‘Table 2 and Fig. 7 illustrate application of Eqs. 2 and 3 to mes supply r ates. 
7 the inlet j is shown as curve A: the e corresponding cur curve B arises out of the aver- 


TABLE 2.—ComputaTIon oF OVERLAND Flow ‘Peaks AND Mass: 


-Runorrs ror TURF Areas 1 ‘Fr Wip iE, 100 Fr Lone, 


AND: 0% . AND 30% Impervious 


Net 
RuNOFF (IN.) 


n. ra Esti. 
x in) Rising | mate 
side | of re- | ; per- 
cession Gaon _Vious 


(min) ‘(in.) | 


 Inchec ner Hour 


| (10) | 


0.000276| 0.005 | .... | .. 

37: 0. 335 


0.733 112.5 


Riss * Col. 4 based on Eq. 2, with K =1.5 for 0% imperviousness and 1.35 for 30% imperviousness. | 


Col. 4, for 30% impervious, numerals in parentheses are 0.7 of the discharge immediately above and hence 
_ represent actual runoffs from areas of 30% imperviousness. ° Cols. 6 through 12 based on Eqs. 4 and 55 


d 
taken from tables similar to Table 1. Maximum. 4 Negligible. 
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— 0.385 | “52.7 
— 20° | | .... |. 354 | 0.354 | 61.6 . 
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age supply rate for the critical period. The differences are not great and, | in ; 
all. computations for peak rate to the inlet, the average supply rate has been a 
used. Examination of a number of such hydrographs indicates that a straight ; 
lin ne, C, can be adopted without appreciable e error, with the shaded area repre- : 


pool Al Detailed Supply Pattern 
Average 30-Min Supply Rate 
— Adopted Hydrograph Corrected for 


Recession Infiltration 


c 1 Adopted Hydrograph Uncorrected for 
Recession Infiltration 


Additional Infiltration 
on Recession Side 


Inches per Hour 


Time, in Minutes 


= 
Fra. anp Runorr Curves ror 30-Min on 0% 
OVERLAND LENncTH 185 Fr AND Stops oF 1.75% 


senting water in detention storage : at the end of the critical period. ‘This wa 
Teduced by some further infiltration, supplies the recession side of the hyd a 


graph marked A before correction Sar additional infiltration and, after ‘uch 
correction, hydrograph R. A number | of recession curves indicate again the | 
propriety of a straight line for design purposes and i in all cases the overland 
flow hydrograph has been assumed to be a triangle as shown in Fig. 7, with :. 
rate Ip constituting the altitude a and with the area of the e triangle to 


: oe. Likew ise, the method of correcting for recession infiltration is shown in 
ig. .8 and Table 2. In | Fig. 8, area ABC represents | the corrected mass runoff = 
(Col. 10, Table 2); area A’BC’ represents , the available mass pondage; and 
- area CBD represents F, the mass infiltration, on the recession side of the hydro- 
graph. All mass units are in inches of depth over the entire tributary ‘area. 
Tn these determinations it has been assumed that the average infiltration ca 
- Pacity rate f is fully effective during only one third of the entire recession time. — 
This assumption i is necessary because the receding sheet of overland flow after 
of supply covers a diminishing of the total aren and 


= 

= 
IN 
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— 
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— While this study was in progress, results began to be available from “a 


yw? 1S 3 investigations on the character of overland flow which have been conducted — 


Estimated Time of Recession, (Col 8) 
Base of f Hydrograph (Col. 12)- 
— estimate d Base of f Hydrograph (Col 6) a 
Fig. 8.—ScHEMATIC oF TRIANGULAR HyDROGRAPH Suowma ApsUsTMENT 
INFILTRATION ON RECESSION SIDE 


the studies" were primarily ontpavement surfaces, including aprons and run- 
ways, number of runs were made on turfed surfaces. _ 
is Several comparisons have been made between the data developed by Mr. 
» Izzard and those computed by the Horton formulas. — For 30-min rains and 
=. overland flow lengths of from 150 ft to 200 ft, the ‘two sets of values are - very q 
4 closely in accord. However, on 10- -min rains, , Mr. Izzard’s vi values are only 
eee. about two thirds of those computed by the Horton equation. — There is a 
question, therefore, whether the application of the Horton equation to periods 
of short duration may not indicate excessive values of inflow to the ponds. — - 
In Tables 3 and 4, design 1 values are prepared for a three-inlet system for — 
- duration periods of from 10 min to 60 min. If Mr. Izzard’s data are applicable, © 
the 10-mm flows to the ponds will be reduced to about two thirds of those shown 


= the 20-min inflow rates will be reduced. _ Thus, for this particular 


r the outlet | pipe apeie be about 12 cu ft per si sec ec instead of 14 cu ft per sec. ; 


pes Tf the outlet were actually designed for a flow of 14 cu ft { per: sec, there would : 
8 Runoff from Flight Strips,” by Carl F. Izzard, Proceedings, Highway Research Board, National r 


9**Preliminary Report on Analysis of Runoff Resulting from Simulated Rainfall on 2 a Paved Plot,” 
Riad C. F. Izzard and M. T. Augustine, Transactions, Am. ee en, Union, 1943, Pt. II, pp. 500-511. 


— 
Also, from similar — 7 
Column Numbers Refer to Table q 2-3 
— 
60-1 
fror 
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_be less utilization of storage in the ponds, so that the ponds would stand a 
slightly lower levels than those indicated in Table 3 and Fig.9, 
| Since the overdesign i is apparently not great (in fact in this instance it cai 


have been impossible to use a smaller commercial pipe size), and since all the a 
TABLE 3.—CoMPUTATION oF OuTFLOw RaTEs FROM Ponps, AND 


PRELIMINARY. Pipe S1zE SELEcTION, THREE-PoNnD SysTEM 


ft nary slope; eter velocity 1.5 Slope 
per sec) 10 20 60 (ft per ft) (in. ) | (ft per sec) <9 (ft ft) 


0:38 
0:58 


rary 


| 


0.0256 | 
oll 
os Cols. 8 through 12 based on quantities of Col. 3. * Inches per hour. e Inches. on 


“basic design dete are predicated upon the Horton ‘the illustrative 
examples will be calculated from those data. = 


Baste Desien Dama 


For the two-year r frequency 1 rainfall, the values of the peak rate of runoff, = 


Qp, in inches p per xr hour or in cubic feet per second per acre, and the values of the a 
_— mass runoff m, in inches, have been determined. These values have _ 


been calculated | directly from the supply 
-rates for the 10-min, 20-min, 30-min, and | TABLE 4.—CHARACTERISTICS OF 


~ 
60- min durations ; for ‘other durations, Ponps THREE- PoNnD 


nr 


such as 45 min and 90 min, correspond- 


supply rates have been extrapolated pond | pam 

from Fig. 6. The values have been de- = | 

termined separately for area: areas: of 0%, 50 


i 2 200 
10%, 30%, and 50% imperviousnesses, i... 200 


| and for turf lengths of overland flow of = = Sid Sha 

from 100 ftto500ft. Differentplottings 
: have ve been prepared to make available the best facility for interpolation. a Figs. 

: 10 and 11 show typical sheets relating gp a and m to length. of overland flow for 
imperviousness a: and for various times of supply. 

Usr or HyproGraPHs IN 

deliberate storage ponding is possible, the inflow to 

. ‘ee inlet may be assumed to | to be triangular with its peak : flow rate and mass run-_ 

off determined by selection from the basic design. data. Such 


_ may b be offset. by the time of flow from one inlet to another, and the yi rate — 


' vr 
q 
14.5 | 0.0071 | 5.0 0.010 
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4 
rate 2 as reduced by d ‘detention storage -in 1 the ne pond. In Fig. 8, from. the properties 

ofa . triangle, the relation between inflow, outflow, and m mass runoff 


0-237, 


LEGEND” 


== ita Pond Level = 126.30 


Computed Pond Level 125. 35 


Rate, 9p, in Inches per Hour 


> 


1es of of 0, from graphs times the total area), m (from the design 


rams), a and p (the per missible pondage developed from > n the field g ‘grading 
pre are available. Then Q, is the minimum outflow capacity that must be 
provided if the pondage i is not to exceed that computed as the desirable eke 
mum “* However, it should be remembered that the pyramidal shape of the 
ponds permits an appreciable change in volume without any large change 
either i in depth, or in the distance from margin of pond to pavement. =. s 
‘accommodate commercial p pipe sizes, the initial or r optimum values of p obtained 
from the grading plan may, therefore, be varied somewhat in the course of 


design. Changes in pond depths are assumed to vary with the cube roots of 

APPLICATION or Bastc Data anp Hyprocrapus IN ACTUAL ede 


‘The principle of designing the field drainage system, which takes advantage 


Peak Runoff 


permissible pondi ng in the intra-runway pockets , requires that the outlet 
ae eapacity from any one pocket be the same as the calculated outflow rate from — 
_ that pocket when the inflow v to it has been reduced l by the available detention bs 
storage. Thus, the objective of the of the pipe Ye system is to > develop 


th: 
th: 
— ele 
— f 
© 23:6 | 395] 18 
— p0204|340| 18 

Fig. 9.—PRorinz AND Hypravuuic Factors FOR Turze-Ponp Sysrem = 

| 
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capaci ities throttle the outflow from the ponds to such an extent 
that the permissible pondage will be utilized. 
the grading plan provides series of pockets with the water 
: elevations descending i in order toward the outlet of the system, it is entirely 
% feasible to provide ; pipes of such capacity that the ponds v will “float on the line.” 

_ Where t this can be done, inlet manholes with adequate gratings can be placed 

at the low in each ‘pond. Ih actual 


‘ing through the ‘manholes and the accelera- 
tion of the water from zero velocity i in the 


pond to the velocity in the outgoing pipe © 
will utilize a velocity | head equal to — - In re 
addition, there will be. entrance losses 
through the grating and at the bottom of the 
manhole; and, to provide for this, the total — s 


— 


at ‘any p inlet manhole must be 
lower than the level of the pond in the 
amount ir indicated by this expression, and 


pipe capacities m must be based. on 1 the hy- 
=— gradient so determined. -_ 


es per H 


in Inch 


| | 


a 


if a Of Overland Flow Over Turf, in Feet. 


Bia. 10. —Prax Runorr Raves FOR Vanneus ‘Durations oF RAINFALL IN Two- Yuan 


C ON TurRF AREA WITH 30% IMPERVIOUSNESS | 


| 
— 
$4444.44.) _ 
| \ | entrance losses has been treated as 1.5 

ion 500 — 
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the flow rates in the | pipes an 

. - in the state of equilibrium, become stabilized with slightly different values 

_ than those indicated by permissible storage from the ponds alone. Act tual 


Length of Overland Flow Over Turf, in Feet 


Fie —Mass Runorr ror Various Storm Durations IN Two-YEAR FREQUENCY 


Torr AREA WITH 30% IMPERVIOUSNESS 


examples of the design of two pipe systems are pmneted in the e succeeding 


SysTeM WITH Ponps FLOATING ON THE LINE 


a) a Fig. 9, , the profile of a proposed sewer serving three-pond inlets is ; shown. A - 


Table 4 gives ; characteristics of each of the ponds and Table 3. tabulates the — > 
design computations. T Table 3 shows in detail the ‘computations for ‘pond 3. 
4 


Values of gp and m, for “various critical precipitation periods to 60. min, are” 


a taken from the basic design obey for the indicated 30% i imperviousness yall 


the. total acreage. Values of are commuted pty previously described 
_-Tepresen nt the ‘outflow rates which would result if the permissible pondage of 
0.068 in. was used, Similar values are shown for ponds 2 and 1, as are the 
‘accumulated indicated runoff rates for the three reaches of pipe. 


oS The latter accumulated values show that, for this system, a 10- -min supply is | 


critical and therefore the capacities of the pipes should approximate them. 


I 

— = the 20- -min 1 values were used and smaller pipe capacities were furnished, when , i Ms 
Ta 
ay the 10-min rain | occurs, the restricted capacities would result i in n greater storage be 
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"grades shown in Col. 8, Table 3; and, for n = 0.013, pipe sizes of 19 in., 18 in., 


and 17 in. shown i in Col. 9; obviously the commercial 18-i ‘in. pipe is indicated. a i 


will be noted later, design i is practically ‘complete. pipes may be 


- laid at satisfactory construction grades and will operate under ‘pressure with 


7 the ponds floating on the system at slightly different elevations than those 
chosen. However, ‘the actual outlet discharge rate must be accu- 


rately checked ; and it is also desirable to demonstrate as a matter of of experience — 


how the ponds will adjust themselves. | 
- i Accordingly, the chosen pipe system is re-analyzed in detail. The first 
8 step involves recognition of the entrance head and other minor losses required 

for the individual ponds. Col. 11, Table 3, shows the a approximate 2 values of 


vised hydraulic grades shown in Col. 12. At this point it is possible to visualize - 
very nearly the values that will enter into ai an equilibrium condition i in the sys- 
tem. For line 1-2, the final grade will probably be a little greater and the 
quantity a little smaller, since an 18-in. pipe is being used instead of the 19-in. _ 

pipe ideally indicated. Line 2-3 will involve'a somewhat greater quantity : 


because of a slightly higher gradient. . oe the quantity « coming in n from vl 


when plotted down from the chosen pond levels, give e the re- 


there should be a slight increase in discharge to the outlet. ‘igitnaataas oe on 
_ From the foregoing it seems probable that the equilibrium flow rates with tho 


floating on the line would be about as shown in Fig. 9. equilibrium: 
conditions determined from the use of these revised discharges are also shown 

in Fig. 9 and indicate that pond 3 will stand 0.08 ft below the originally chosen or 
- value; ‘pond 2, 0.10 ft below; and pond 1, 0.04 ft above. oy Ponds 2 and 3 are 


now in exact balance and pond 1 is within 0.01 ft of an exact balance. —_— 
Any check k to) within about 0. 02 ft is considered satisfactory since the 
_ theoretical changes i in pipe flows and levels such very small 


Since the critical storm for the main trunk sewer into whieh the three- 
- discharges will be much longer than 101 min, 1, it j is s necessary to investigate P: Bee 


. : the rate of discharge that will occur for longer storms. — _ Table 5 gives an analy- — 

is of the 30- -min values for for and m, with | Q. equal to the pipe capacities v which 
- were found to represent an equilibrium condition for the 10- -min supply. The | aa 
_ ‘Mass pondages and depths related to these outflow rates are given in Cols. 6 ; 
From Table 5, it can therefore, that, for storms of longer 

duration, the discharge from the chosen commercial-sized pipe system will be 

slightly less than discharges for short storms, but less by so small an 


that original be used in the design. of the ‘trunk 


— 

3 

q 

| 

7 

pond 2 will be appreciably more than it was originally. = 

a: 

— 

| 

he 

4 

by 

of 
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sewer will carry an field” u jon a ear 


a frequency rainfall it is important: to determine not only the rate of discharge — 
from the three-pond system, but also the pond levels under the less frequent 
but. greater rains. A preliminary y calculation indicates that, for the higher | 

TABLE 5. —ANALYSIS OF -THREE- LINE FOR 30-Min 


Inflow, | Ratio, Mass | Pond Eauilib- 
Qp (cu ft | runoff, (cu ft Qo | pondage, | depth flow ton tt | Goa 


per sec) (in. sec) pin.) | (ft) “per sec) | ft per sec) 


6.90 | 1.13 
68 


of ponding. 
overland flow more nearly to reach din, and the peak rates at the 
of the rain are actually higher for the 30- -min than for the 10-min duration. 
the 30-min mass runoff is appreciably greater ‘and hence uses more pond- 

- ie The values in Table 6 are closely representative o of an 1 equilibrium condition 
4 “x ss the occurrence of a ten-year frequency, 30-min rain, and it may be con- 
cluded that the he discharge under the more severe conditions would i increase a 


amount (about 2%). Therefore, in the of the m main trunk 


obtained from the two-year frequency analysis. 


oF THREE-PonpD LiNnE For 30-M 
RAINFALL oF FREQUENCY = 


Estimated Ratio, Pond- 


off, (cu ft ft | 


«6.9 


a 

q 


4 
ig 
» 
Final 
“pond 
6.0 | 0.61 0.95. | 9.10 
0.477 | 5.80 14.90 | 045 
25, 
— eas 
— 
— 
No. * | (acres t) 
— 2 4.04 26 | 123 | 10.50 0.15 | 0.80 a be 
2 ia _ For the half-foot higher pond elevations due to a ten-year storm, Be of 
of the ponds will be about 25 ft from the nearest pavement edges. Since this 
condition will occur on the average only once in ten years, and then will persist th 
irs, it is clear that no appreciable intrusion of soil moisture. 
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under the p: pavement subgrade will result, and the condition is one which may 


be safely accepted. 


Snven-PonpD System wiTH ‘ “NONFLOATING” Ponps 


Fig. 121 is a condensed profile in 1 which the t upper five | ponds descend i in n order 


27 |0.00165 111097. 


Pond 2/ 
3.3 |0.00215 
3.6 '000222 
36 {0.00167 


| 


Pond 4 


* 


LEGEND 


——— Initial Pond Level 


“ permit these two ponds to float on the line. - In actual deltas the pipes con- 
necting the upper | five ponds a are treated in the same manner as the previously 


‘discussed three- pond ¢ system; open | grated manholes can be installed at the low 


For ponds 6 and similar inlet manholes will be but they 
" be connected to the main system by small laterals so chosen in size and length — me i 
as satisfactorily to throttle discharge from the ponds. _ Discharge from the | 


ponds will then be determined i in no direct way by the capacity of the pipes in. 


2 Determination o of outlet rates as related to the per permissible pondage for reach — 

of the areas is given in Table 7. It is interesting to note that, for pond 7, Q. = 
oe is given as as 0 for the 10-m min time—because the permissible pondage i is greater eA a 
than n the whole of the mass rainfall. However, an outlet pipe is required to 2 


drain the rate will exist during the rain. Ihe 


| | 
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be throttled to the amounts indicated. 


or Firow Time PIPES to Ouriet DiscHarGE Rate. 


In the foregoing the flow through any reach. of pipe has been 
| ‘am as the sum of the inflows” at all points upstream. This procedure is a 
correct. since a all hydrographs resulting from restricted pond outflow will have 

flat tops ‘of such considerable > duration as to. overlap. ‘Fig. 13. shows this 
4 characteristic of the outflow hydrographs for for the seven-pond system. — 
BY PonDAGE IN SEVEN-PonD 


Scr SuprLy 45-Max 60- Mix ‘Surry 


lo Outfiow, Inflow, Outflow, | Inflow, Outflow, 
Runof, | Q (cuft | | | Q, | Qs (cuit | Q(cuft 
per sec) per sec) per sec) se per sec) 
a3) | a4 as) | as) | 


om” | 36 | aod | om | | 

098 4 59 = | 6.1 1.16 = 3 

10.0 (0.64, 1.6 8.0 0.69 6. 0.76 | 1 

Table 9 gives pertinent data required for the preparation of the hydro-— 
— - graphs. Cols. 2, 3, and 4 are taken from Tables 7 and 8. Col. 5 represents 
5 the time length of the rising side of the hydrograph, obtained by multiplying 
- 7 the 10-min time at which Q, would have occurred if no ‘pondage were available 
a by the ratio of Q. to Q». ‘This relationship arises out of the properties of the 
k 7 - — Col. 6 is the average time length of the hydrograph from the center of the 


u _ rising side to the center of the recession. It is obtained by changing the values — 
eo of m m in Col. 4 to cubic feet and then dividing by Q. Col. 7 gives the times of | 
3 flow in each reach of pipe. a’ These times between ponds are based on length and © 


d _ average velocity as it is believed that for these small lines the higher flow rate - 
1e of wave velocity can be ignored, particularly inasmuch as the e summation would i 
in not be affected by the changes that refinement would produce. 


Direct addition of the ordinates of all hydrographs gives the e hydrograph 
of discharge at the outlet for the system. ‘The exact shape of the r rising g side is 
ecessarily approximate since the ‘discharges are > based | on the critical hydraulic 


to. ne for n maximum discharge ; and, during the 1 Tising side, partial flows, lower — 


he __ hydraulic grades, and somewhat different: discharges from the 1e ponds c: can take 

ic- place. ‘The « error in ignoring this condition is quite small and affects only the 
ry shape c of the rising g side, not the peak values. 


this seven-pond system with a 16-min pipe flow time, under the applica 
— two-year, 10-min rain, the maximum discharge will be seen in vex 


Pipe connection 26.5 ft long. The computed connection 

lan if outflows from these ponds are 
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about 10. min and will persist for somewhat longer than 40 min from. the be- , 
ginning of the critical 10-min rain. Particularly ‘noteworthy is the fact that 


for a period of more than 20 min all hydrographs are flat topped and their 


econd 


= 


Discharge, in Cubic Feet per 


-_ 


Time from Beginning of Rainfall, in Minutes _ 
Fie. 18. Summation OF FOR Seven-Ponp 5S: SysTEeM 


values ¢ ean be added | directly. 
: a. For the three-pond example, it was shown that there would be no eee 7 


able difference in the discharge rate at the outlet under the occurrence of the : 
= TABLE 8.—Summary or Design Data ror SevEN-Ponp SystEM 


of 


Pipe No. | clevation| | | in) | elevation 
Initial | Total Revised | 


rium 


to 


ig 22:2 | 460 | 0.0016@ 

J-outlet .. 0.0016 
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. two-year, -10-min rain, n, the two-year, 30- min rain, or the ten-year, 30-min rain. 

Plotting similar to that of Fig. 13 shows that both the first and last of these 


_Tains, which | represent the most severe conditions, have long flat topped hydro-_ 


graphs extending for 20 min or more. The two-year, 30-min 1 rain, because two 


9.—Time CHARACTERISTICS OF OurrLow -HyproGrapus 


For SeveN—Ponp System 


Inflow, Qp_| Outflow, Qo_ Mag rune | 
(cu ft per sec) | (cu ft per sec) |  ° t2(min) | —tave 


Averegp hy dro- 
Inflow time, | graph time, 


a. Where surface drainage of airports per mite | the development and utilization 
of pondage i in the flat turfed areas, accepted hydrologic knowledge concerning oe 
retention, infiltration, and overland flow is directly applicable. The develop-_ _ 
ment of supply rates requires | an analysis of actual stofms and their related i 
infiltration values so selected as to result in surface st supply rates produced, on 
“the average, by the rains which give the critical average rates of the desired 
_ frequency. — For facility of design, hydrographs of inflow to ponds can be © 


considered triangular in shape. 
_ The pondage resulting from the very { flat grades required in airports can be — 
allowed to: “float” on the line and has the fortuitous characteristic of ve very small 
depth changes (and consequent minor differences in actual hydraulic gradient 
between ponds) for relatively large pondage volume changes. Once commer- 
% cial | pipe sizes are chosen for a definite duration and frequency, their c capacities — 


insignificantly for rains of longer duration or greater frequency. Pondage 


so flattens the hydrograph that direct, addition of pond — rates can be 


ASCE, and had the benefit of his ¢ collaboration and constructive criticism. | The 
7 -_ studies were part of a “Report on Basis of Design for Field and Off-Field Drain- 
age Systems for Lambert- St. Louis Municipal Airport” submitted to Milton M 


Kinsey, , president of the Board of Public Service of St. Louis, reviewed b 
Guy Brown, M. ASCE, chief engineer, and E. J. A. Gain, Assoc. M. ASCE, 


engineer, _ Division of Sewers and s and Paving, Board of Public Service of St. Louis. 
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"STRUCTURES BY GEOMETRICAL 


‘COMPUTATION 


By ‘DEAN PETERSON, Assoc. M. 


SYNOPSIS 


As ) practical ap span of continuous. girder bridges and rigid frame 


"bridges becomes progressively greater, the use of influence lines or 
q for the purpose of of investigating 1 the effect of more numerous possible anemedll ry 


tions of | loading, and for placing loads for maximum ‘effect, becomes | score: 
spondingly important. Although ‘such influence lines may be constructed in 
the usual manner by loading the structure at a number of different points and 


‘computing ¢ the resultin ; ng stress 0 or r moment, this is an n arduous task and amounts — 


been used for the influence line for trussed structures. ‘The prin-— 


- ciple was ‘as applied mechanically t to. all ty pes ¢ of indeterminate structures by the 
late Beggs,? M. ASCE, Otto Gottschalk, 3 and others. relationship: 


7 may easily be extended to the analytical computation of influence lines for con- , 


: structures subjected principally to flexure, accomplishing analytically — 2 


what the use of “models accomplishes ‘mechanically. Examples of influence 
lines for several types of continuous structures have been computed by this” 
procedure using various types es of statica analysis. F ormulas have also so been 
developed for locating the pialienaia nd value o of the maximum influence ordinate 


and for the area under the influence line for members of constant cross section. 7 


|= 
| 
| 


ee F Nore.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by February 1, 1948. 


7. 1 Associate Prof. of Civ. Eng., Utah State Agri. College, Leesa, ‘Utah. 
= Transactions, ASCE, Vol. 88, 1925, p. 1208. 
Vol. 108, 1938, p. 1019. 
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red load points by trial and error. Lhe equality or the elastic 
re loaded with a unit deformation at the point for which the §$ [ii 
va a ne tor stre 2 Don a On 
— 
pike 
— 
— 
— 
— 


INFLUENCE LINES) 
Basic 


The basic in development of this paper—the 
Miiller-Breslau relation— i is well known. Its validity f follows from a considera- 


rs fro1 
: = of Maxwell’s 8 principle of reciprocal deflections, and the , principle o of sur super- 
= which is valid as long as the structures are built of materials that act 


This paper paper is concerned wi flexural equations both as a1 a _ means of (1) 
a statical solution and (2) computing elastic curve e ordinates. The 

differential of flexural geometry, ore 


in which, in n addition { to the variable coordinates xz and y, M; is the bending mo- 
ment at fs E; is s the modulus of elasticity a at &; I; is s the moment of inertia at Es 
Cy is: a constant of integration ; and C2 is a constant of integration. Eqs. 1 
may - sometimes be solved by integral calculus, but are e usually solved by finite 


integration. However, in the field of indeterminate structures, t the imposition | 


of a set of simultaneous equations, « or its mathematical es tl 7 The many 


short cuts which the modern om ae uses in his analysis : are simply 


Influence lines for m moments, ait reactions are e obtained 
iain the elastic curve of the structure when it is loaded with the corre- 
sponding» unit axial rotation, transverse axial displacement, longitudinal axial 


displacement, or deflection in the direction of reaction. it is necessary first 


g 


| 


to make a statical analysis of the structure bearing only the required — 
ment loading using ¢ any method—moment ‘distribution, slope deflection, elastic 
static, « or other usual load), the analysis is ; simpler than nes conventional 
After statical solution « of the structure has been completed, the end rotatior 1s 
directly from the process of solution. Other methods of solution will require — 
the use of the equations, or some derivative of them (such as 


curve traverse, etc.— —that the designer desires. Ih general, since all the mem- 
be ial deflections for each of the members are computed. Using some methods 


‘me are unloaded (in the sense that they do not bear any ‘gravity, wind, | hydro 
- of analysis, such as slope deflection or elastic curve traverse, _ these will be known | 


— 
“| 
q 

— e distortions due to shear and direct stresses), 1s a special case 0 e general : t 
— equations of elasticity and has the following first and second integrals: 
ac 
— di 
4 ta 
— tic 
— 
4 
— at 
— 
— 
— In 

i] 
= 
sons 


the moment- area principle), to arrive at the required rotations and sheila 


The elastic curve can be computed by solving Eq. 2, or by various modifica- 


The statical solution for the structure loaded with the unit deflection or 
rotation may also be made using the method, developed in connection with 
‘moment distribution,! of (a) considering. separately a an unbalanced moment at 
each joint, (b) solving for the required moments in ¢ each CASE, and then (c) 


bining the result of the several fixed-end moments due to the loading i in pro- 
‘portion to the original distributions. _ Instead of choosing fixed-end moments — 
resulting from conventional loads, fixed- end moments compatible with the i im- 7 
posed displacement are proportioned and combined. This method is illus- 
¥ trated, subsequently, by Example 9 using moment distr ibution and may also 


be e applied using the elastic curve traverse method® ese 


Carcunatine Enastic Curves OF MEMBERS 


Throughout 1 the » mathematical analysis the following sign convention will be 


adopted: ‘Ordinate and abscissa as usual. Counterclockwise rotation in the 
direction of +2 w ill be plus and will produce a positive deflection from the 
tangent in the direction of +z. Moment causing concave bending upward 
will be considered positive. Positive moment will always give positive rota-_ 
tions and positive deflections in the direction of positive z-values. For a 


member whose axis can be considered it is the from t the 


d 
\ 
a Generally, how ever, ‘it is simpler to compute t the ice and deflection point 


= = 
- 
= 


ing to the haunched beam in Fig. 1, suppose 


i 


q 6, 


of Reinforced Concrete,” by ‘Hasty Cross and N. D. ‘Morgan, John n Wiley & 
Inc., New York, N. Y., 1932, p. 105. 


**Relative Flexure Factors for Continuous Structures,” t Ralph Ww. Transactions, 


| 

— 

| 

"4 

1 § at point A. then, for any point, 

— 

ic Analytical Solutio > q 

ire : = 


n which Ia equals the moment. of inertia, in 1 feet, at the center section of depth 
- and E is the modulus of elasticity in kips per square foot. | 


of generalization the basic formulas (Eqs. 1) will be. applied ; thus, after -simpli- 


_ The end moments may | be obtained by any desired method. For purposes ff 


1. —EXAMPLE OF A HAUNCHED 
fy ying and and substituting finite summation for the a 
zl 
1,800 = Ma Ka 


—CoMPUTATION OF (Ma And Mz ‘THE SOLUTION oF ] 


0.0416] 0.0147 0.9583 338 | 1 
| 0.1250} 0.0638 | 0.8750) 0.446 
0.1640 | 0.7916] 0.623 
0.2916 | 0.7083] 0.7083 
0.3750 | 0.6250 
0.4583 0.5416 
0.5416 0.4583 
0. 6250 | 0.3750 
0.7083 | 0.2916 
0.623, 0.2083] 


— 


| 


0.1250} 
0. 338 0416 


4 6493 


Se | 


| 


| 


“4 

— 

— 

— 

— | 

— 

Mp Kn 19 (12 — tq) Azy........ ( ) 

= 

169 a 3.885 

0.5 | 0.353 | 0.353 670 4.480 

2...| 1.5 | 0.510 | 0.510 557 | 5.920 

| 0.787 | 0.787 478 | 6.015 

5...| 4.5 | 1.000 | 1.000 979 | 3.520 

| L000 | 1.000 558 0-410 

40551] 915 | 0787 | 0:78 669 0.096 kip 

.-| 10.5 | 0.510 | 0.51 169 0.007 


September, 1947 


in which 
~ 


18. 6 are calculated | by Table 1, and = 


‘TABLE 2— —CoMPUTATION CurvE 
FOR THE Bram Fic. 1 


. —1,000 
—340 | —1,340 
—389 | —1,729 
| -2171 


—2,532 
—161 —2;693 
388 —2,655 


‘Total. 


7 


'=20,000 


y= 


— 1,061 ft- Me 
‘Using Eqs. (3 the elastic curve is calculated by means of Table 2. 
S. Graphical Solution. —Instead of u using Table 2, Eq. 3a may be solved g graphi- . 


-eally by the use of the funicular | polygon i in Fig.2. The chords pa passing x through ry 


The coefficients under the sioma sions in 
(ft) 
| — 500 | 19,500° 
sa 270 -2171 | 14260 — 
f = 310 950 | 640| 640 | —1,336 | 
— 


\ end points of the beam must have a slope equal t to the known slope of the 


Prismatic Members.— Although beams of constant section may be handled — 
by either the analytical or graphical method of finite integration, it is possible 
to pass to the integral in the summation of Eq. 2 and derive general equations 
for the elastic curves when the end rotations and deflections are known. . Con- 


7 sider : a length AB of a str raight, unloaded ‘member (Fig. 3). - ‘Let the rotation a at 


3,— EXAMPLE OF A PRISMATIC ‘MEMBER 


‘Me. 3.—E or Paismatr 
vend A be De equal to 04; and, at end B, to Op. Let ya and yg, respectively, repre- 


— sent the e perpendicular « displacement of points A and B from their original a 
ti From the slope-d deflection equations, or by geometry: 


ees however, Eq. 2 yields, 


YA 4 


Eqs. 8, 8, 


_ 6 Transactions, ASCE, Vol. 104, 1939, Eq. 23, p. 555. -_ 


th 
| 
owl 
Ww 
— 
the 
Ma = — 204 + | + 0’z)..(8a) Ym 
— == 
ince My = Ma + (Mp — 
— 
in 


= 


ai? 


ula reduces to 
for a similar case se by ‘Ralph Stewart, M. 


— 


we 


Location or Maximum Loap- 


When concentrated loads are being cumaiare, it is is important to know 
where the load should be placed to produce the maximum n effect 0 on the 2 section 
being investigated. Eq. 10 may be rewritten since k ks aie Ta; t thus: 


Differe winding with to ki and equating the result to zero a 


_ 


LE (2 
(64 + OB) — —2 (yp - va ve) 
61 (ys — + OB) + (Pa a + a) 
— ya = 0, 


- Iti is possible to derive an expression for the value of the maximum influence 


ordinate for a member of constant section when yp — YA = = 0. § Substituting 
the value of kim from Eq. 12b for k, in ned ll and solving: 
= 276, + On)? bap + 4 94 Op +6 8) + + 


An equation for the area under the a 


Yi P 


nw hich @ i is the : area under the influence line. to. 14 is of value when the © 
“entire ‘span carries a uniformly distributed load. It cannot be used directly 
when the deflection curve is discontinuous or contains | a , slope’ discontinuity 


For members with varying: cross section the area 


EXAMPLES © 


A fairly la dane poe of examples have been included. . This wai was aint in 


r to furnish an illustration for each of several different methods of statical 


in whi 

B | — 

ASCE 

— 

4 — 

| — 

‘Vatue or Maximum INFLUENCE ORDINATE 

— 

We 

— 

4 

| — 

— 

influence line m 

10) 

oordé 


alysis of f the s structure bearing the defo: i ‘ Although fairly simple _ 


- structures have been used in the examples, the principles can be > extended easily, 7 


Example the Influence Line for Moment ata Given Sectic ion 
Fi ixed-Ended | u 


in Fig. ‘A(a) cat can be determined by 
Mr. Stewart’ 


5 im osin a rotation, 6, at that sec- 
imposing 


tion. Designating the traverse 
7 


wee, angle associated with Mo as 4, the 

corresponding a angle in length BC 
be 5 since it also is associated 
with Mz. By equating the 


243 
243 at point B: 


in which (see Fig. 4(b)) is 
relative cu urvature— in the: ‘given 
length ‘resulting from end 
moment. From the moment 


Ms «ie 5 (Me 


2 
4 
= 
= 


a? but, in | relative terms, Ma ii Ai 


Fre. LINE FOR at a Given = = Ai; Mz = - (1) 4= 4; and 
_SeEcrion oF a Frxep-EnpEp BEAM WITH 0. 8 As. ‘Substituting these values 


Constant Cross SEcTION 
in Eq. 16 andsolvingsimultaneously 


with Eq. — for 0, by summation of 


from point A A to te C, @ @ = 1 the traverse angles must 


then be, in order, ‘ ,a , respectively From geometry, ys = 
243’ 2437" 243 


| x l ad = 0.1 122 1. Other ot ordinates for the influ- 
ence line | (Fig. may be be as desired using Eq. 10. 
Example 2. . Draw the Influence Line for the Fized-End at 


He aunched End ofa Fized Beam —Imposing the unit rotation at end A of the : 
beam in Table 3 solve for the statical condition of the beam u: using column © 
analogy. a) With the results listed i in Table 3, assuming a unit angle lo load dat 


— 


8*‘Continuous Frames of Reinforced Concrete,” by ‘(Cross an . D. Mor: lorgan, John Wiley 


e 
4 
— 
— || 
4 
— 
— 
a 
6, 
— 
‘ 
M 
= 
A, 
é 
— 
— 
— 
— 
— 


— 


6977 

and. Mz, = 36.15 ~ = The 
-putations of influence ordinates are arranged in a manner similar to Table ae a* 
Example § 3. _ Shear 
‘Support of a a Fixed-Ended TABLE 3.—CompuTaTIon OF ‘Enp Moments 


By CoLtum LOGY’ 


Beam.— 


“uniform, cross section, fixed 
4 as shown in n Fig. 5, with a 
unit: deflection imposed at 
7 end AL In this instance the e 
"boundary conditions for the 
= 0; and 6g = 0; and _& | @ | az azttis 
1 | 3.75 | -9.5 | 0.228] -216| 205 
the general solution i istobe = 0.349 | —2:96 | 25.2 
found in Eq. 10° which 1 re- ee ee 2.75 | -7.5 | 0.574 | —4.38 329 
| 1.050 | -6.82] 49:3 
1e duces 2.0 | 24.000 | 48.00 | 608.0 


6. 


‘tance center of beam to centroid of a  =12 


(see L/d*; and i2=1/12a 


AL : Maximum Value of Mc on the Frame of Uniform Cross Section in Fig. 6 Due toa 


Moving Load of 1 10 Kips. (Also Find the Moment at Joint C Due toa Uniform 


Fie. Linz ror SHEAR at END 


Load of 1.6 per Ft.)\— —From the ations, 


10 Moe , 10 Meo 


Mpc 10 10 Mcp , 4 


" . — 

— 

3 | 

y 

» 

- * 

> 

> ~s 8 ; — 


— 


(18¢) 


_ in which y equals the horizontal iene points B and C due to side | 
From geometr y, remembering that ¢ 
rT : unit rotation is imposed at joint C 
o From 


and if H and V v are and vertical 
‘components of the reaction at point A: 


6H; 


and Mac = 10 
7 The simultaneous solution of 7s 18 to 21 yields: Moa = Mzc = Pia 0.0444 


E I; Mep = Mes = -0. 398 One = 0.310; 


= 0.311; and = 0. (1: = ~ 3 (0.310 0.398) 


2 x 0. 310-03 398 + v0. 0.398? — 0.398 x 0. 310) = = 0.531; and nd from 


2a. 14 yields -_ drea under the influence curve, thus: 75 PB -(10)2(0. 310 + 0. 398) 


= 5. 90. 90. T The maximum moment at joint C due to a moving load of 10 Kips, 


— 4,—CoMPuTATION OF ‘Moments ConnesponpiNe ‘TOA 


‘Unit Rorarion av B, Fie. 6 


force 


Moments from Fig. 7(d) sii by 1.389 2 +9.72 
Undistributed fixed-ended moment at point 


Moments Mie. 7a)... 


Moment for unit rotation (aivide line 7 by 6. 3): 


there efore, w will be 8. 88 ft-kips w hen the load is placed 5.31 ft from joint - 
. (Fig. 5). The moment at joint C due to the uniform load will be 5.90 X 1.5 


3 ( 
4 
| ( 
‘ 
— 
— | 
Mag — AH 110 — 10 _ 
1 
— 
— 
= 
t 
— 
— 4 4 
ff 
¥ 
— 2 
— | $12.22 | +10.78 | 13.89 
— $3.98 +3.51 | +4.53 | 1.467. 
=7,00 | —2.00 | -1.00 | —1.467 
¥ 0.442} 0.224] 0.520] _ 
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Example 5. Find the of 
Moment at Jeiat B, Fig. 6, Using an Blastic 
Curve Traverse efor Statical Analy ysis. —Impose 
the rotation @ at joint B.~ Beginning» with 


value of 1 for the lower elastic angle i in column 


cD complete the traverse (Fig. 7), remember- 
ing: that Mac = Mga. From ‘Fig. 

2.8 + 4.0 = 6.8. Since sidesway has not 
considered, these values “must be corrected. 
‘The value of the unbalanced horizontal force is 


1.467 EI. Assume the frame to be deflected — 
sidewise without rotation of joints B and Cc “1.36907 


angles and to the end moments: in CD. 

‘Since the ‘ ‘sidelurch”’ is equal for the vertical 

members the traverse angle in column AB must 


0.833 A and Mma M =1.389M 


(Fig. 7(b)). Assign the value A to the 1— a 0.833 A 


(see line2,Table4), 
Figs. 7(c) and 7(d) are solved for un nbalanced 


moments at joints: Band C. The 


‘moment in each case is 17. If the value M 
in Fig. 7(b) is made equal to 17 then the 
moments for Fig. 7(b) may be computed and 
the sidesway « correction m made. final 
moments must be divided by 6.8 to reduce to 
condition of unit deflection at joint B. 
“Starting at point D with these moments and 
nging to to the « equivalent angle units the cor- 
rected traverse may be constructed as shown in 
‘Fig. 7(e). From Eq. kim = 0.474 and, 
from Eq. 10, Ym = 0.838, 
Example 6. —The influence line for vertical 
deflection: at the center of span BO, Fig. 


‘ean the center of the span and computing 
the resulting deflection curve. The values of 
Mz and Mc for this loading « can be obtained 
from Eq. 10 using the values of Oc and 6cp 


from 


sation, Ve =0. 4945, and Vc =0. 5054 7 


the moment diagram, Fig. 8(a) can be 


Applying Eq. 2 between points B and 
d6ca= for the struc- % 7.—ANALYSIS_ oF aN Unsy 


| — 

— 

a 

| 

| 

| 

im 

| 

4 \ 

5 

ii 

M=17 

= 10 (0.369 x 0.5% + 0.295 = 0.830 

| 

| — 

. 


INFLUENCE LINES 

ture wading the unit load at the center. The elastic curve (required influence | 


line) may be computed by a tabulation using Eq. 3a (see Fig. 8(b)). 
haw the Influence Line for Msc for « a Vertical Load | 
metrical Rigid Frame. wees Is the Moment at Joint B (Fig. 9) Due to a H ori- 
zontal, Uniformly Distributed 
Load of | 500 Lb “per Ft on 
Member AB?) —The method of 
moment distribution will be 
i in exploring: this question. 


a unit rotation at joint 


) MOMENTS, 
B. The fixed- end moments i in 
member BC are then Mac 


4EI 


and M a, 
"spectively. The solution “of 
‘Fig. 9(a) yields Mes 


Line FOR ‘DEFLECTION AT THE 


— OF THE SpaN 


is 90) and the corrected sidesway al- 


lowed are encircled in Fig. 9(a). From the relation between end rotations and 


1.090 , 0. 1.090 _ 0.273 273 _ 


moment ts, Onc = +- = 0.409; and = — 


6 


1.143 
__+2.000 


—Sideswa 


3 


+0461 

734 

20.273 


-1.000 
+4000 


FRAM 


oo. 


— 
0.830 
— q 
— 
— 
= Scarce — 
— 
| 
| P 


= 
~ 1.090 = 2 — 2 (0.591) — 


in which 2 y is the displacement due to ‘sidesway. Solving simultaneously, - 


AB = 0.046 and y= 2277. From Eq. 2b for member BC: 
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- 


Fic. 10. FRAME 


1. 10, =e 0.862. 14 for member AB: 


108 0.046 + +0. 591) = 6. 848, Consequently, the 


moment. at joint B due to a uniformly distributed horizontal load of | 500 Ib 


per ft on member AB is Mp = 6.848 X 500 = 3,424 ftdb, 
Example Haunched Rigid Frame.— —Using the traverse method trace 


7 influence line for. Mz for the frame of Fig. 10 due to vertical load on beam BC. 
W hat is the | value of Mz for a uniform load of 1.5 kips per - this 


method, the traverse angle occurs at the center of gravity of the =~ 


_ considering one end of the member to be loaded with a moment and the other = 


end to be hinged. © The distance to the center of of gravity point is designated — 
_ by z . Solution procedures for these points and for the stiffnesses of members — 


e demonstrated i in Tables 5 and 6. es In aie 5a moment of 1, 000 +5 3 is is applied: 


4 


| 
| 
q 305.2 (840) £ 305.2 T840) 
| 1164 (846A 423 de 169 0072 
| = 0.456 and, from E i ed 
Q = — (— 2.277 +. 
== | — 
— 
: — 
a -diagram 
— 


UENCE 
at joint ‘member BC, 


” 


000 
— to produce unit rotation in beam BC) i is calculated bY Tai. = 


From Table 6, me ; = 57 77; an 


000 = 


\ rotation : is imposed joint B and the is is drawn ig- 


y- The traverse is s started at point A and carried to point B, 


TABLE 5- —ComPuration 0 OF PROPERTIES and independently at point 


D and carried to B. Since 
= Mac, the right-hand 


- side is correlated with the 
left-hand side by multiply- 
ing the right-hand side rota- 

15,040 
tions by 23,830  Correcte orrected 


rotations areshown encircled. 


The total unbalanced 


‘shear the vertical mem- 
-bersis 1,010 Thesolu- 
12 
im- 
posed horizontal force at 
joint B is demonstrated by a 
Fig. _10@). ‘From 
metry, the traverse 
in beam BC are equal. 
suming them to be equal 
to 4 000 the “traverse is 
completed as shown. The 


‘value the horizontal Fig. 10(a) is 167. 55 For a horizontal force 


“fa 


Seg- ~ | a 
ment | 


> 


© 00 G0 90 00 0 GO 


MOO 


RRNNNWWWNNN 


De 
aN 


wr 


Oo 


- 
t required 
— 
' 
— - ‘ 
- 
ad 
— 
| 
6 11 | 2.63 | 740 
13 «| «62.46 700 1 
— 15 | 2.32 660 | 1 
18......) 2.01 .80 
4......| 27 | 2.01 420 96 
sR eee 29 | 2.05 380 | 80.90 
15......] 4 2.12 64.10 
* 2 46 14.8 260 | 24.30 
| 41 | 2.82 | | ‘9:04 
3.03 | 28.2 
— 
ag | angles must be 
Corrected an the corresponding angles of Fig. 10(c) 
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. 10 
vs alue of rotation at joint B is 1,946 + 3,910 = 5, 856. 
reduce the rotation to unity it is necessary to multiply all the,angles by —=> 
These angles : are shown in ™/ 10(e). Using Eq. 3a the eee curve for bea m 


“TABLE 6.—Compurarion OF 


30.86 
29.92 


© 


$9 99 99 99 G9 G98 


750 
950 


is given by Lyn Az or 122, 58 x 


load of 1.5 kips per ft is 367.74 kip-ft. 


method and moment- distribution method draw influence lines for the continu- a 
ous beam in Fig. su. _ The analysis for the effect of undistributed moments of 
+100 at joint B and joint | C is made in in Fig. 11. (In this illustration the pre- 
| _ vious sign convention for moments has been temporarily discarded for con- 
-_-venience and moments acting on the are considered positive. 


"Se. moment at support B a unit rotation is considered to be imposed at 


point B. Assuming this to be imposed on span AB alone the resulting fixed- 
moment, | Mos is 3 E and, since the stiffness, equal to 2, Mea 


distribution of Fig. moments found ‘to. = 4. 120, Me 
= -0. 729, and Mp = 0.121; and the end rotations are calculated as follows: 


ore 


350 «| 18:72 | 243.4 220.4 
34.0 250 54.84 « 

— 

‘ 


the reaction at support B a unit: ‘deflection is imposed at at point B, 


Fig. 11. ; _ The corresponding | fixed- end ‘moments must be applied: 


Mpa _3EK _,3x2 


_6 6x4 


a 


—COMPUTATION ¢ OF DEFLECTION Curve 


 —0.881 0.007 | —0.874 | —0.031 
0.845 0. 020 —0.825 | —0.037 

0.809 —0.775 | —0.044 

3 —0.724 | —0.052 


0.701 .076 —0.625 | —0.069 
0.665 0. —0.576 | —0.078 
—0.630 | 0. —0.526 | —0.085 
—0.477 | —0.090 
—0.426 | —0.091 
—0.376 | —0.089 
—0.327 | —0.081 


Ais 


to 


= 


to 


AO 


4 


NN 


+0. 298, Mc. = — 0.194 , and Mp = 0.0 032 
rotations, remembering that = -1, are: —— = 


= 


ih 
— 
are computed to be 
— 
@ 
win 
0.594 494 | A 
| 0.062 224 
call 95 —0.278 830 
—0.530 | 6.884 
0.610 | 6.274 
0.664 | 5.610 aa 
0.694 | 4.916 
| 
— 
| 
— ing fF 
— = 63 
— Oca = = +5 X 0.194 X X 0.0382 X5=+0.0296 
= 
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Influence lines may be computed exactly as the elastic curve due toa unit | 
displacement corresponding to the ‘ “action” being studied and placed at the 


section under "consideration. _ he of such an influence line in- 


“7275 


-160 | -0.40_ go|-030 
+040 +0.80 


3333 16.67 


41100 «OD 
+110. -220/-110 £-055 
+080 | +040| +020 
-0.20 
003-007 | =0. 
+11.10/-11.10 -66.67 |-3333 | 45.55 
Fig. 11.—Simpty Supportep Continuous BEAM 
volves (1) a statical analysis of the structure bearing only the displacement. 
and (2) computation of as many points on the elastic curve as may be necessary. 
is somewhat ‘more work than a single | statical analysis of the 
| bearing a a conventional load although the additional labor of calculating de- 
/ flections i is offset somewhat by the fact that the statical analysis is generally — 
simplified s since it involves only the unloaded structure. The statical analysis 


may be made using whatever method the designer prefers. _ It may be made — 


7 indirectly by first distributing an unbalanced moment at each of the joints and 7s ; 
- then summing up proportionately a set of fixed-end moments corresponding to a x 
the required de deflection. — | The elastic curve is calculated by geometry, or by 
equations or methods based on geometry. (Methods of analysis, as such, 
‘not come within the scope of discussion.) 
In ‘many cases complete elastic curves are unnecessary. . For prismatic 
‘Members the location of the load for maximum effect, and the amount of the ee 
effect, are given by For uniform load on members the 


area under the influence line is given by | Eq. 


a 

— 

— 

— 

+12.13 +24.26 |+12.13 +606, 

re 

-31.29 |-68.70 —12.13 |+12.13 +2.01} -2.01 4 

7 

3 

| 

— 

| 


i 


= 


| | 
— 
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ESTIMATING ‘DAT. A FOR RE RESERVOIR GATES 


‘By FRANK L. BOISSONNAULT,* Esq. 


SYNOPSIS» 


of w eight cost data on ame of the most 


n conjunction with dams are pre- 


nated in this p paper The types included are: : High-pressure hydraulic 


“slide gates, radial crest gates, roller crest gates, drum crest gates, and Broome 
© There ar are some published | data on weights and costs s of gates, but i in most 


— the exact items included are not known. Where tables of weighte are 


n others of the same type Also, some m may inclade considerable 


the case of cates, sometimes it it is not dine 
I 


not the I hoist or or even the omnteen ages and other stationary parts | are included. 

If adequate information is s not given, no data are available for or easily approxi- 

mating the necessary addition for a complete estimate. . ‘Ther efore, the utility, 

oof such data i is limited, and it is believed that. charts, such as those pr esented 

in this paper, fill a definite need. 5 


The charts in this paper were developed to assemble accurate nformation 
on 


7 


Ww eights an and costs of existing gates in convenient na a o that they — 

tl be ‘compared easily and so that the weight of any gate pea be in- 

terpolated quickly from the nominal gate dimensions and maximum head on 

the gate ‘center The intent is to. present. all the } per tinent data required to 
~ enable the engineer to use his own judgment in | aking an intelligent estimate _ 

of W eight to fit the individual case, W ithout, the necessity of tedious research — 
work each time an estimate is ; required. 7 ‘To accomplish these objectives with 
curves, in each chart an expression (involvi ng only the nominal gate dimensions — 


iz _ NotEe.—Written comments are invited for immediate publication ; to insure publication the ae dis- 
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and n maximum head as ~~ is developed, some powe of which will be as” 

> "nearly as possible propor tional to the weight « of the gate. The weights and = 
‘costs (in ~~ cases), were then plotted as ordinates against this expression as 

abscissas. Where the ey evaluation of the expression involves more than a 


‘The e dimensions are in feet in all ¢ 


The various dams mentioned in the text or noted in illustrations are farther 


summarized | and ident identified, as follows: 


Structures of the of 


Mexico 


Alamogordo. 
Tunnel. . 


w Mexico 


Friant. 


.. Northeastern Oregon 
Tennessee 


. Oregon 
Southern 


“Central 


Southern California 


* est Virginia 


_-—s« 4a: Tn this paper, presented expressly for purposes of discussion, the charts are necessarily arr 
and can generally be used for broad illustrative purposes only. Those who have a practical] need for full- >| 

_ seale charts of the figures in the paper, or for other charts not included, can secure photostats by addressing — 
author directly.- Ed. 
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‘Structures of the United States Engineer Department aaa 
— dams 5A, 9, 10, u 14, 16, 
= 24, 25, - Upper River 


‘Santa 


Wolf Creek. land River, Kentucky 
‘Structures of the Appalachian E lectric Power Company— 
Claytor Development. .Radford, V a. 
- Structures of the Southern California Edison Company— 7 


MAJOR PARTS OF HIGH- din. Extra 
PRESSURE SLIDE GATE» 
SHOWN IN FIG. 1 
Upstream frame... . 


Downstream frame... 
Bonnet. . 


draulic Hoist ——— 


> 
x Extra § 


Stem extension. 19, 25,41 


Stem and stem 


‘|. Bonnet _, 
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Fig. 1 shows an assembly drawing of a a typical high-pressure slide gate, s 
called because, in moving, the leaf slides on its sealing strips. The an 
is a —_— cylinder and - ad part o of its capacity is is required for over- 


Scale | (1) Wales a Head, H, in 
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IG. 2. —W OF Supe ‘Gates WITH — 
' coming the seal friction created by the static pressure of the water "against the 
ies 7 “upstream 1 face of of the leaf. ‘The cast-iron conduit lining (not shown) i is bolted 


cover, which, with the hoist, into the gate chamber as shown. 
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_ The weight curve of Fig. 2 is plotted with the weight a of the gate as ordinates 


Eq. 1, FO) i is a function of the weight W; “(area)” is equal 

to A B is equal to area of gate; A is, the nominal breadth or width of gate; Bis — 


the nominal height of gate ; and H is the maximum head to the gate center 
; line. . All dimensions are in feet. _ Eq. 1 is empirical, but it gives values that 
are practically proportional to | the weights of gates with cast-iron leaves, as) 


designed to to United States ‘Engineer Department _ (USED) ‘standards f for the 
particular 2 application. The value of the abscissa FW) may be computed or 
it may be found graphically from the curves in Fig. 2(a). . To solve graphically, 
compute values of (A? + and (A B). ‘Enter - Fig. 2(a) at maximum head 


(scale and move vertically down to the curve for Az Be (scale (2)). 


_ (area), (A? BH +6, 6, 420 + 30,0 00).. 


| | From this intersection , move horizontally to the value of A B on the ion 
- lines (scale (3)). The intersection gives the value of the abscissa for that: 
| - particular gate. Hence, by moving vertically down on this abscissa value | to. 
the intersection with the weight curve (Fig. 2()), the corresponding weight | 
ordinate i is ‘determined i in scale (4) 
| To © compare the w —. of gates, it is necessary that the comparison be 
and adjusted to leaf, frame, bonnet, bonnet cover, hy- : 
draulic hoist, and a 5-ft length of cast-iron conduit lining. — No hanger, piping, 
or valves are included 
< The curve in Fig. 2(b) is drawn through the average of points 1 representing 
the w eights of a range of sizes of gates designed by the USED offices for flood | 
control projects. The notation ‘“Conchas—4 xX 5—175” denotes that the 7 
gates at Conchas Dam are ‘A ft by 5 ft operating at a maximum head of 175 
ft. All the gates, with the “exception of the Conchas gates, have cast-iron 
leaves. The Conchas gate leaves are cast steel, but the 1 weight shown has been a 
adjusted to what it would be with a cast-iron leaf . The weight of the Fullerton | 
gates (see Fig. 2(6)) was adjusted to the hydraulic type. . The curve in Fig. 
2(6) was p produced through two estimated points - with cast-iron leaves which 
are I beyond the range of any gates that have been actually designed by the — 
- This curve, then, gives the weights of gates with cast-iron leaves | signed . 
by USED. Cast-iron leaves are used for heads to about 100 ft. For higher 
heads, , cast-steel leaves would be used and the g gates would be somewhat lighter. ad =? 
However, the unit cost of the steel casting is considerably more than that of © 
cast i iron, so that the over-all cost of the the gate would be approximately the same a _ 
as that for the cast-iron leaf. gate shown. _ Therefore, Fig. 2(6) gives the weights, “~” 


st the for cost purposes, of gates to USED although for heads 


hae ‘The USED gates shown i in Fig. 2 are those f for Fuller ton, Conchas, ard 
Dover rer, Caddoa, ‘Sepulveda, and Santa Fe dams. 
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the Chief of Engineers : for flood control gates. coefficient i is 

higher than actually exists but, ‘no doubt, Ww was felt to be justified for flood 
4 

oe control gates which may not operate under head for years, thus accumulating 

* much corrosion on the sliding surfaces. However, when at last needed during 

a flood, they must not fail. _ The normal working pressure in the hoist cylinder 

is 750 lb per sq in. with a maximum of 1,000 lb per sq in. by the setting of a 


All other gates shown are designs of the Bureau of Reclamation (USBR). 
All except Madden, Norris, and Owyhee dams are part ofa more or less stand- 
ard line of slide ois, cack size of which is used over the entire range of heads 
by , changing the material i in the leaf and applying the proper one of several 
sizes of hoist cylinders designed to fit ‘mechanically. - For heads to 90 ft, “cast- 
iron leaves are used; for heads from 90 ft to 140 ft, semisteel leaves a = o substi 


tuted ; and and, for heads from 140 f ft to 250 ft, cast steel i is ‘standard. — 
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Fig. 3.—WEIGHT OF Cast- Iron ConpvuitT Szcrions 
— standard gates are not closely designed for actual heads, therefore; 
and, w hen the actual head is used in plotting, they could not be expected to 


follow a curve s well as if was ‘designed an individual condi- 
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a hoist and 80% of the of the USED hoists for the 
same standard working pressure of 750 lb per sq in. | In: addition, 1 most of the 
USBR gates shown, have cast steel or semisteel leaves which still further re-— 
duce the weight in comparison to the flood control gates. . However, the trend 7 
of weights i in the standard line is ; roughly proportional to the function F(W) as” 
defined by Eq. 1, with an exponent slightly less than 1.00. . On the other hand, 
the Norris and Madden gates are considerably lighter than would be expected — 
from the trend of the other USBR dams. 


). | fact that the gates were of f special size and ‘shape and» were specially designed _ 


80 that the weights are very nearly the most economical 
Las 


ral 
rat 


ve increased to 1 ,000 lb per sq i in. ., whereas the maximum pressure available for 
ste ; “cracking” the. standing friction is at least 50% greater than that of the flood 


‘TABLE 1—Unir Cost or GATES, Cents | Per Pouwn 


Number of | gize cr) Cost bid 

Los Angeles, Calif. 

Gorge .....) Orleans, Calif. 

-Conchas New Mexico 

New Mexico? 


Los Angeles, Calif. 
Bull Shoals 1946 
— 


ort 


After this 
q unit cost to west coast deliv ery, cost is 29¢. 


control gates, ‘thereby allowing a further saving in the weight of the hoist for. 


this reason, 
Conduit Lining - —It i is anticipated that varying of conduit lining 
will be required i in some cases. Fig. 3 has been developed so that the weight 
of extra conduit lining can can be found. — This ¢ chart g gives weights o of 4-ft and eft 
“lengths of rectangular sections and also of 4-ft lengths of cireular sections of 
_ Cast-i iron conduit lining. | It should be understood that the unit cost used with q 

|| extra conduit should be lower than the unit cost for ‘the gate. 5 Equations =. 
- o weights of of conduit: sections, in pounds (that is, the equations of of the curves . 


‘in Fig. 3), are are: For the 4-ft length-of rectangular 


W= 1,151 A- B) — 3, 445 


for the 5 5 length. of 


for the 4- length of circular 


= 3701 731 


8 
e 
if 
a 
| 
J 
q 
Deadwood . Idaho 1929 2 4.96 ei 
2 The gates tor Conchas Dam were built in Los Angeles After adjusting this unit cost to west coast a a _ he gee 
— 
a) 
refore; 


_Costs.—The snuiienibiaiiie shop cost of the ; gate can be estimated by multi- 


plying the weight: i by a suitable un unit cost for cast i iron, machined and tion and 


‘ complete. _ This unit cost will vary with the general economic situation and 


a bea conditions in the particular shop. — Some idea of the unit costs at which 


TABLE 2. —VARIATION OF 


CENTAGE ‘Unit Cost or SLIDE 
GATES FOR DIFFERENT 


OF GATES IN 


RELATIVE FIxED 
THE Stupy 


gates 

> involv ed 


ae e of fixed costs to total costs when ad- 


ooo 
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OOWOOO 
GO 


or 


o 
ges 


gates of this type h have been sold. or scone 


in the past i is given in Table 1. > The unit. ¥ 


cost will also” vary with the number of 


duplicate ‘units involved. : Table 2 gives 
an approximate idea of how the unit cost 
is thus affected. The table arbitrarily 
‘assumes. 100% ‘unit cost for the case of 
ten gates and shows s the percentage unit 
costs for other gates. data are based 
on a study of the Sead costs of eleven 
different. jobs as bid by a large manu-— 
-facturer i in the Los Angeles (Calif.) area. 
is study showed considerable range 
between the highest and lowest percent- 


_justed to. a comparable number of gates. 
The table is ; arranged to show the effect: 
this range of variation from the aver- 
age. Ih choosing the unit cost factor 


a given number of gates, the follow-. 


a to o be 
average if: 
(a) The gates are small in ‘size; tt 
The costs are quoted when pat- 


tern costs are relatively high compared 
to other costs, as in 1946 postwar condi- 


tions;and 
large of gates are in- 


To obtain installed cost, | trans- 
portation cost to the site and ‘erection 


higher than 


ng general principles should be used as’ 
ES - The fixed costs tend 


cost “must be added.” cost. will vary with the location conditions.’ 
: For average conditions before World War II ‘it was between 3¢ and 4¢ per lb. 


Rapian 


CREST Gates 


radial or Tainter is quite often the most economical type pe of spill- 


i _ way y gate, , where it can be used. The length of Tainter ; gates i is usually limited 
aang to from 50 ft or 60 ft by the he expansion joint Spacing in the e dam, although gates 
a 80 ft long | are in operation a at dam No. 24 on the Upper Mississippi project. 
ne. A service bridge with sufficient headroom is required for the hoisting equip- 

. Fig. 4, with Tables 3 and 4, gives the weights (including the moving and 
stationary parts) of a number of redial gates | plotted as ordinates against the 
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These weights do not. include | the hoist chains. All All ga gates a we 
Ww weighted for electric hoists except as as noted. 4 


3, 
500 


Submergible 
Non- Submergible 


oo 
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60 Miscellaneous Non-Submergible Gates 
' 


= in Thousands of Pounds 


12'x 11!-5.5! rT 


040506 0. 08 1 2 3 4 
Weicuts oF RapraL Gates, Movina AND Panes, 
_Exctupine Hoists anp CHAINS 


‘TABLE Cost or Rapiat Gates, » 
DWEIGHT, 1939 Data (PaciFic Coast 


$11.80 $13.05 to $17.55 
$13.40 $11.60 to $21.10 | $16.12 


oe  @ The unit costs in a this: table a are » for ‘asin of the conventional riveted construction. The unit costs for 
_ welded construction are probably slightly higher. _ > The weights include all moving and stationary parts, | 

- ‘with exceptions noted. ¢ The freight allowance, on Mississippi gates, from the Mississippi River to the — 

3 Pacific coast, is $0.75 per hundredweight. er 4 Higher figure due in part to high installation cost. : 


drawings and and tabulated data made ur up the designing ‘ 


Offices of the USED. . The fi first twelve items of Table 4 were taken from the © 


| 
an 
Too 
~ Maximum water | 
be § 
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A, 
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tion 
..| $11.00 to $16.37 lz: 
| gan $11.00 40 81687 — 
pill- 
ited 
4 
a 
— 
t the 
= 


_RESE mavorn cates 


of W. P. Creager and Joel D. Justin, Members, ASCE. Other data.were 
obtained from USBR Specifications . 400 to 1, 200 and from. other publication 

The Mississippi gates are de- 
“TABLE 4 —IDENTITY, 
signed for navigation control. For 

AND Unit Costs (Dotiars Per Hun- 

reason, many of them are 


DREDWEIGHT, WITH Hoist) oF RADIAL PEt ed 


mergible—that i is, they are arrange 
Gates aT THE DaMs REPRESENTED 
for lowering to allow ice and debris 


the submergible gates are heavier 


1939 spillway gates, and are shown 
ina separate curve in Fig. 4, 
Except at Caddoa_ and Wolf 
‘Creek dams, all the gates in Fig. 4 
are 0 of ‘conventional riveted construc- 
tion. > In the recent designs, 
-substant tial savings have been made 
in both weight. and cost the use 
of welded construction. Cad- 
oi doa and Wolf Creek gates are of this | 
type. . A chart prepared by A. E. 
-Nieder hoff, Assoc. M. ASCE, gives 
12 09 the weights of radial gates repre- 
< sentative of this type of construction. 
The dashed weight curve, designated 
133 “Welded Construction” in Fig. 4, is 
13.65 plotted to give weights i in line with 
5 ‘Mr. Niederhofi’s s chart. Not many 
47 gates of welded construction have 
been built, but the calculated weights 


gee recent, designs seem to show 


BER 


Nowe 
Conn 


ororer 


yw 


.| Wolf Creeke 50 5 16.9 
Construction curve (see Fig. 4). 


All gates were submergible except 16NS, 14, and 
22NS, which are nonsubmergible. © Lg 3 data _ It is possible that better methods of 


from ‘‘Hydro-electric Handbook,’ by W. P. Creager j 
and Joel D. Justin, John Wiley & Sons, Inc., New 7 analysi sis may effect further “saving 8s 


York, N. Y., 1927, p. 317. Identity of dams and in the weights of this type of gate. 
other comparable information were not given. ¢Up- ioe 
per Mississippi River navigation dams. ¢ Alloy steel. —Cost.- —The cost of the gate struc- 


ei can be obtained by taking the 


weight from the appropriate e weight 
- curve and applying a suitable unit cost, estimated from the unit cost data given - 

in Tables 3 and 4—with due regard for the type of construction to be used, 


“a a location of the installation, and factors peculiar to that. particular installation — 


= 2**Hydro- electric Handbook,’ ” by W. P. Creager and Joel D. Justin, John Wiley & Sons, Inc., New 


York, 
3‘‘Dams and Control Works,” Bureau of Reclamation, U. 8. of the Interior, Denver, Colo., 


 4**Dams and Control Works,” * Bureau of Dedication, U.S. Dept. of the Interior, Denver, Colo., 1938. 
“Selection of Tainter G Gates,” by A. E. Niederhoff, Western Construction n News, December, 1968, 


to go over the top. 7 Consequently, 
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that would affect t shop costs or erection coste, or ‘both. 


must be added to obtain the total cost of the gate. 7 wy a 
a The weight and cost of the hoist can be obtained from the chart in Fig. 
Since the Ww —_ and cost of hoists are plotted against the hoist capacity, ‘tis 


40000 
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t of Hoist, i 


a i 


(a) Weight 


456 810 20 30 40 5060 80 100 


Capacity of Hoist of Hoist 
1000 ——, in Kips 


Fie. 5.—WEIGHT AND oF Raprat Gare Horsts 


_ first necessary to estimate the maximum hoist pull r equired. * he hoist pull on 


_ the he Mississippi gates varies considerably because of differences in in ice ¢ and silt _ 
lending. he weight of the moving part of the leaf on these riveted gates 


deaf may ben nearer to 0 70% of the total weight a as s given in n Fig. 4. 7 To obtain a a 
—— estimate of the r required hoist capacity, it will be on the safe side to take 
the chain pull due to dead load of leaf, chain, and friction at the point of maxi-— 
mum pull as about equal to the weight of the leaf. To this estimate must be 
added the ice and silt loading allowed for the particular application.. On the’ 
Upper Mississippi gates this allowance varies from 30% to 45% of the dead 


: load. In many localities 1 no » allowance for i ice load i is | required. The unit cost 
of the hoist may be taken from the auxiliary curve in Fig. 6. — oe 


‘The. roller gate rolling gate) co consists of a st steel -eylinder_ 


with a large | pinion at each ¢ end, which er engages racks built into each abutting i we 
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high section modulus ‘per unit weight, inherent i in a a cylinder, the roller + gate 
ean be built for long spans, thus ‘making a a saving in the number of piers re- 


‘quired. Also, for the same it is hoist the gate fro from. one 


~ __7000-Lb Hoist |_| 


ne Dam 


10000-Lb Hoist = 


1939 Unit Cost, in 


Cents per Pound 


end only. 
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___ Although not 1 many roller spillway gates are e used, in a complete e economic 
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desirable to include weight and cost curves on the roller gate in this paper, 
although applications (and also available data) are somewhat limited. an 
‘Fig. 7 shows the weights and cost of roller gates 1s and roller ge gate hoists. 
one + and cost of the gates are are plotted naienl the function F(W ) a as de as de- 
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feed by Eq. a. ‘The identity of the plotted points in Fig. 7, including, dimen- 
| ie (in feet) and other data, ¢ are given in Table ee 

a Except for one dam on the Kanawha River (point No. 10, Table 5) ‘these 

gates a are all sag al dams ¢ on the U pper Mississippi | River. Thay i 


he TABLE 5. OF Prorrep 


TS IN Fie. 7. 


roller gates are built. ‘and the range of _Point | | 
(Fig. 7) | No. (ft) 
sizes is limited, it is difficult to 


trend he ‘ “weight of gate” A =80 


curve (Fig. 7c) does not include the - 


hoist, w the cost curve (Fig. 7(d)) 30 
is for the gate and hoist complete. ‘The | 12.5 | 1935 


plotted points show the actual cost. — 
(Fig. 7a) and cost. (Fig. 7(b)) of the 4......| 15 20 
hoist and chain _ plotted against the | “10 1938 a 
weight « of the moving part or leaf. . TI The 22 35 12.5 
“average, weight of the moving parts may 38 
be estimated roughly as about 83% of 
the total structural | weight, as given in hich is on the + 
7 


points in the cost curves are actual costs 4, 


a The dashed lines in each case are the a average curves through the points s after 
them to 1939 costs. 


stream or the u upstream side, which, when lowered, rest ina pit i in the — ar 
Kore designed so that the upper surface conforms to the contour of the _ _- 
spillway crest when the gates are in the lowered position. — The ‘he pit is sealed ‘50 ~ 


o when ¥ water is admitted, the _ drum rises bj by flotation, the rate being r regu- 


lated by the water level in the pit. 


pce this type of gate i is relatively heavy, it does not require any over-— 


an be built relatively long. 


a The weights and costs of representative medium and large-size drum crest 


. ‘oes are given in Fig. 8. _ The weight and costs are plotted as ordinates against 
_ the function F(W) as defined by Eq. 3 3. Weights a. are for the complete gate 


including a all anchorages, hinge castings, and other stationary parts as well as 
piping and apparatus for automatic control. ‘The costs : are for the complete 


gate installation, except in the case of Selines gate. Adjusted uni unit costs (1939 
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3 oie Quite close estimates ‘should be obtained : from: these data a since a all the nar 
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the weight curve at both the range “How. 
; ever, the extensions are shown by dashed lines to the limits of the page. 


_ the heading, “High- Pressure Slide Gates,” it was mentioned that 


hoisting capacities are required i in the order of from 60% to 100% of the entire 


Section 
A- 


Pull 


tartin 


Center Line 


- 
Caterpillar 
Rollers 


t 


in Thousands of Dollars — 


| Adjustable Se’ 


Cost, 


“static pressure on the gate, where the gate slides on its seat. | For large ga gates 
: or high heads this arrangement results i in enormous hoist force requirements. 7 
. & the Broome-gate assembly, rolling friction is substituted for sliding fric- 
tio tion by the use of tractor-like chains of rollers which roll between the gate leaf By! 
: anda stationary vertical track on the gate f frame. =! The leaf moves in a vertical 
i direction, therefore; but the seals are inclined at a ‘slight angle from the direc- 
tion of f travel so that when the gate is closed the sealing surfaces at each side Pert 
- just touch. ~ Any movement ‘upward, in opening, lifts the leaf: from the seals— 
friction « on the si 
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a tion hee is reduced to less’ than 5% of the static pressure. 7 The gate is so 


denigned that is a sufficient in the 


Dam 
7'x12!- 
= 


5'x8!-100! 16'x7'-43.5' 
6'x10!-50! 7'x12!-100! 
4'x5!-150 


7'12!-25! — 


“hoists a and sheaves. Fig. 9 shows | a layout of the gate, 


ZC 
HH 


40°50 5060 80 80 100 300 8001000 2000 3000 5000 
Values of AB°® VH je 

‘Fie. 10.—Wercuts cr Broome 


f the gates : 


takes time. In Fig. 10 the available weights of a con 


e particular make of gates s have be been plotted as ordinat Sg against the ge 

= AB VH.. 

The auxiliary curve is also given Fig to evaluate Bos ‘quickly s0 that 

= values of the abscissa. can 1 be — leet a simple ‘slide rule operation. 
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$ RESERVOIR GATES 
te) Th 10, the marked the gate size only, | a more or r less 
ic 
d 


 eonstructed « of steel. 
points is a straight line 
with a slope of 45° which 

means that the ordinates 
are directly proportional | 
to the first power of the 
weight as defined by Eq. 4. 
‘Since 1935 the USED, 
in connection \ Ww ith its flood 
control projects, has ex- 
erted a considerable in- 
fluence 0 on Broome-gate- 
design, in the direction of 
better construction, to give 

longer lifeand highersafety 
factors. This policy has” 


resulted ‘in heavier gates 


gover rnment installa- 11. — AUXILIARY (Curve ror Evauuatine 
tions, particularly because 
of the substitution of cast frames. The specifications v. vary with 


different USED offices and thus far it has not been possible to obtain —— 


weight information on a sufficient range of sizes and heads to establish the trend 

of a curve for these cast frame gates as used in flood control work. 
_. However, the actual weights of gates on Brea, Wills Creek, and Prado dams 

are are plotted i in 1 Fi Fig. 10 as guides for obtaining a ‘rough | estimate of the weight of a 


other sizes of gates of this heavier construction. 
All weights given in Fig. 10 include the leaf, frame, frame extensions, — 
guides, and guide extensions, but do not include hoists or cables. These 
; -_ Weights do not include co nduit linings and none are used on any of these gates. 


from the curves of Fig.3. 
Broome- Gate Hoists —The required hoist capacity for a Broome gate de- 

- pends, among other conditions, on the displaced volume of the leaf which, for = 

er - preliminary estimates, is not known. Fig. 12 was developed from a study o of 
| hoi hoist requirements 0 of existing gates. Hoist capacities are plotted against 


this - Auxiliary curves are given for the d determination of the fractional powers of 
variables (see Fig. 13). Curve No. Fig. 12, shows a approximate hoist 

capacities for the utility line of gates, whereas curve No..1 is for use on the 
higher class of gates described. _ Knowing the required hoist capacity, the 
weight of the nearest standard hoist can be. determined. Each hoist has a 
—— range of ¢ 
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"RESERVOIR GA GATES 


— Costs —As a rough guide to obtain the cost of Broome gates for government i 
“projects, the following unit: costs, adjusted to 1939 level, are given: 


“not include installation. The weights of the gate and hoist should “wl odied 


= 


ousand 


|, in Th 


4 
— Hoist Pull 


0 30 40 5060 80100 300 400 600 800 1000 


1.173, 70.82, 170.94 
Values of 


EIGHT! oF ‘Hoists FOR ‘Brooms 


together in applying these costs. 


about 3¢ to 4¢ ) 4¢ per lb for average naiiinas and locations close to centers ae 

ie. Cost I ndec. r-—The cost level of 1939 has been taken as as a representative | lev al 
prices before the inflation caused War II. For ¢ convenience in ad- 


in Fig. have been from the 
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The cost adjustments in Figs. 5 to 8 have been made in accordance with the 
yearly averages | shown i in the ee cost: index curve (Fig. 14(6)), since the 
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ob est infor ‘mation pow seemed to indicate ‘that this curve most nearly 


_ represented changes that occurred in shop cost ] previous to the war. _ However, 
review of bids on both the cast-iron gates and fabricated steel received 

: during 19: 1946 definitely indicates t that this curve does not reflect the true increase 


in costs for the conditions. Unit costs in 1946 seem to be about 


a a. . As timesavers in preliminary studies to detern mine the most economic fj 


type of. gates s and the most economical over-all arrangement on the project; 
uments for making estimates of — 


ao ” chests to compare final designs with those compiled previously, to_ 
assure the esr yea that he is por Pinay material 0 on the one hand, and a as 


al ‘Various o offices of the United States Engineer _ tment fur irnished valuable 
"data for this paper in connection with the radial and roller gates on the Upper. 
Mississippi and Ohio rivers. . The w writer is also” indebted to the Bureau of 
Fe, United States Department of the Interior, both for data furnished 
‘directly through the courtesy of the Chief Engineer’s Office in Denver, Colo., | 


and for data taken from its various publications and specifications. — The 


courtesy | - of the Phillips and Davies Company, the Southern California Edison 
Company, and the Consolidated Steel Corporation i in . furnishing data on gates 
isalso greatly appreciated. 
In particular, the: writer acknowledges the helpful suggestions and “eriti- 
_cisms given by associates in the Los Angeles Office, USED, and the courtesy of 


that office i in extending | permission for publication of hom data. os 
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GEODETIC. STATIONS 


YE. F. CODDINGTON ! AND O. Cc MARSHALL,” MEMBERS, ASCE 


~ 
YNOPSIS le 


Local t triangulation nets, both urban and rural, can be precisely adjusted 


to large-scale geodetic triangulation control w with comparatively little effort if 
; all the angle, distance, and azimuth telations involved aré reduced to simul- 


_ a taneous equations expressed i in n terms of direction ec cor rections and then adjusted 
by least squares methods. The derivation of the correction equations is is illus 


trated by sample ne net containing three quadrilaterals. Application of the 


shed method i is also i illustrated or a oljectenent of a local net for Logan County, Ohio. 


‘olo.,. 

The 

rates 

ie The United States Coast and Geodetic Survey (U.S 

lation system, Which has 25-mile spacing of stations as goal, has 


adjusted to the local triangulation systems of at | least two cities. As. a result, 

burgh, | , and Columbus, Ohio, each have a triangulation system for 
local al horizontal control to which the U.S. C. and G. 8. has adjusted the over-— 

‘all net. Z The triangulation system for each of these cities was completed | before a 

“geodetic control was s available, but the U.S.C. and G. S. ‘program has p pro- 

-gressed_ to such an extent that it a available or can be made so for any future 7 


| On n several occasions, local be have ‘ithout 
‘making a complete connection to available geodetic control. The objective 
— of this paper, therefore, is to describe a method that will enable engineers i. in 
€ charge of ‘supplementary triangulation projects to ‘make full use e of the control 


which the U. 8. C. and G. 8. has made available. 


Nore. ritten comments are invited ‘immediate publication; to insure publisation the last dis- 
cussion should be submitted by February 1,1948. = 
Prof. Emeritus of Geodetic Eng., Ohio State Univ ., Columbus, 
Prof. of and Geodesy, Ohio State Ohio. 
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rate. the problems involved, assume a system of three | complete 


-quadrilaterals connecting two fixed triangulation stations (1 and n in Fig. 1) 

of the type pe established by the U. S. C. and G. S. Iti is assumed that for the | 

sample net all eight angles i in each quadrilateral ha have been measured with the © 


same relative accuracy consistent with the requirements of f the | project and that 


Fie. 1. LATION NET oF THREE ADRILATERALS shinies EEN STaTIONs | 


on the azimuth aa length of a starting base line (1-2 in Fig. 1) have been deter- 
_ mined with adequate precision. — In this is example, the azimuth and length | of a 

terminal base line, 7-n, are dine assumed , for the p purpose » of illustrating the 
formation and use of the azimuth a and length equations. In practice, a ter 
minal base line would seldom be needed so close to the starting base line. _: 
Several procedures are available for the preliminary adjustment, any 


which will determine preliminary angles to » be t used i in computing triangles | from 


which the accumulated errors in latitude and d departure between fixed stations 
can be found. In the first of ‘these procedures the e angle. equations of each 


wry a rigid olden. which the al the sides, is 
accomplished very rapidly where the figures are simple quadrilaterals or center 


‘point triangles with no overlapping figures involved. preliminary solution 
also may be set up as as a least squares solution sianibitees the usual three angle 

a equations and one side equation for each quadrilateral, leaving all tie equations 
for the | final l adjustment. Wher here there are no overlapping figures or other 
complications, these quadrilaterals may be adjusted separately. a third 
possibility, the preliminary adjustment may also be made as a least. ail 
solution including all condition equations inv olved in the net (angle, si 2 


= ia 3“The Principles and Practice of Surveying,” by C. B. Breed and G. L. Hosmer, Vol. 2, ‘Higher 
Surveying,” John Wiley & Sons, Inc., New York, N. ‘Ed., 
4**Least Squares in in Engineering,” by E. F. F, Coddington and 0. J. M Ohio State Univ., Colum 
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and length except the ‘nit departure 
When this solution is completed, the resulting latitude and departure closure is — 


likely to be: smaller than w hen any less i inclusive pre gery: y adjustment i is s used. 


‘is U used. | The fir first step is the preliminary computation of a selected set of 
triangles of the n net, starting , with the base line 1-2 and | pr sroceeding through the 
| strongest pair of triangles of each quadrilateral to the final station, n. The 


triangles used in this example are those adjacent to the diagonal shown by a 
full line in each quadrilateral. ‘The o other diagonal in each case (not used in 


computation of triangles) is by a dashed line. The stronger set of 


triangles should be selected. by the “strength of figure” theory, but use of — 
triangles adjacent to the shorter diagonal in each quadrilateral will generally 


result in the selection of the stronger figure. 


As selected traverse from station 1 to station n may then be computed along 


any. of these calculated triangle sides by latitudes and departures. The dis- 


tance by which this computed traverse fails to fit the gap between the original 
| ad the final fixed stations ; represents the closing e error of the : survey. Because 
_ the preliminary adjustment makes the triangles used geometrically consistent, 
the closing error will be independent of the traverse route selected between 
1 and n. 7 In practice it is advisable to close each quadrilateral by latitudes 
and departures, since this procedure provides a a needed check on the /computa-— 


tion of the triangles. For purposes of obtaining the relative closure, however, 
_ the computed straight-line — from station 1 to station n should be used * 


‘The closing e error of the connecting traverse is then used to make a com 


bined readjustment ofthe entire triangulation net so as to obtain an exact fit 
between fixed stations. To make this readjustment, two equations—one for _ 
latitude and one for departure—are used in combination with the equations 
_-Tesulting from other geometrical conditions of the net. ~The constant terms 
for all equations in this final adjustment are based on the corrected angles 7 
from any preliminary solution. Hence, those condition equations 


z which | are used i in both preliminary and final adjustments will show zero for 


the constant term in the final ‘adjustment. handled simul- 


ens in the final least squares adjustment of the net. 
4 DERIVATION ‘OF TIE EQUATIONS 


” In« deriving the previously mentioned equations, the measured base i is con- 
sidered as fixed in length and direction and as originating at one of the fixed — 


- coordinated points. The ef effect on the location of n, the end point of ian 


” a in each of the net i is also 


een the : angle changes et the of the « pi point. Considering ‘the 
123 (Fig. the of ‘its angle will be an expan- 
a side 1-3 about point 1. — “The change. of side 3-2 does not r require ior 


‘tion, because the rotation of of side 1-3 will be due : solely to the change i in angle = ‘ 
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the expansion of side 1- 3 will be due to the combined effects of the changes 7 


AND CONTRACTION OF THE NeT 
In triangle 123, 


‘Tf the in the angles: of this are assumed to be VA, UB, and 


the tabular differences for log: sin 1A ‘and log sin are are assumed as and bp, 

“respectively, a and the length of the variable side 1-3 is designated by & , then 


d sin B = bp 


‘If it i is also assumed that — 


3 L 0. 134004 


Substitution of Eq. 2d i in Ea. gives: 


Numerical Illustration.—The validity of this may be demonstrated 
od _ by assigning definite values to the angles of triangle 123 and a a definite | length 
to the base 2-1 in Fig. 1. From these original values the > length 3-1 is first’ 


to. the three angles assumed as noted pre- 


and 
in 

= 

— 
2 

— log (1-3) = log (2 

| 
— 
— 
— 
— 

- 
--(3+) By 
— 
or 
in 
: 4a) 
— 
— 
— Thus, if it is wl 
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4 assumed that angles A, B, and C measure 68° 24" 17.81", 59° 47’ 36.45’ ‘and ay 
48’ 05. 5.74", respectively a total of 180° 00’ 00. 00” ")s that VA, 
¢ 


and v¢ are +5”, —3”", and — respectiv vely; : and that 2-1 = 13,672.64: Then 
= 0.83, = 1. (3-1) = log 13,672. 64 + log sin 68° 24’ 17. 


log sin 59° 45", Solution of this equation for 3-1 by seven-place log 


Original “Corrected 


angles angles 


log sain ~ .9683934 _+9.9683976 
1042457 4.1042499 


3-1 (14,7 14,710.61 
at 
+ 0.00000122 X 3) =0. 27, wh hie agrees with the difference previously found. 
_ _ The values of 64 and bp | in this problem appear as eight places of decimals 
taken from a seven- -place log table. _ This result is due to the fact that intervals 
in the table are for 10 sec of arc, w hereas 54 and dz are changes of log sin A__ 
and log. sin B for a 1-sec change in the angle. ‘Use of the sixth decimal place = 


ch 


as the unit for the tabular differences 54 and 4, is also in accordance with the 
usual practice in setting the side in adjustment of a quadrilateral. 


* General Application. —Returning to Eq. is the relative re change of the 


of the side due to the angle changes VA and », vB. 
‘tale in the remainder of the “net, all the triangle sides ‘will 
ak receive this same relative increase. — Furthermore, all linear dimensions of the — 
Temainder of net will receive ‘this relative increase. The same 


Referring to Fig. 2, the of n-1 is t, — Let Az be the 
ange in the length of this component. Then ———— , the relative change 
the of of this component, is. 


dL _ 6404 


which ives 


_| 
| 

) 
n 

es. 
a 4 

3 
3b) 

A, 
(4a), 

(4) 

ngth (5a) — 

puted 
moved in an east-west 
s moved in an east-west 


w — — 
0.484294 


Az and are obtained as a product of two factors, either of which 


Ww hen the latter factor (64 04 — bp vp) i is ; positive, the 
net is expanded by the changes v4 
when it negative, the 


west of the starting point, t, — 2 
Bs be negative, v which results in a 
“negative Az with an 


net. A similar analysis also would 
apply to Ay. To derive Ax 
—> Ay with proper signs, care must be 
ISPLACEMENT ACTORS NVOLVED IN of the starting point: from. that of 
the end point. The computations 
~ indicated by these equations are accomplished in tabular Pc as illustrated 
Dus To To CHANGE oF ANGLE C 


‘The effect. of an increment the angle of 


1, 80 thet line n-1 rotates through the same e angle 
tine 3-1. Therefore, in Fig. 2, let v¢ represent the increment the angle C 
det R be the distance 1 n-l; and let @ be the bearing of line n-1. re, The length of 


the are ‘described by point n is , in which vc is expressed i in seconds. — : 
a east-west component of this are is 


“Also, the north-south component is 


=e 


direction as a result of a def inite char 
CSimilarly, 
— | 
— | 
— 
— 
— 
— 
“a 
t 
— 
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64 BUB 


206,265 


_ In the triangle just completed A and B may be designated as expansion 
angles; and C, as the rotation angle. Line 3-1 may now be regarded as fi fixed — 


increments may be to the angles of triangle 134 to — 


int 2. A must opposite 
the next base or 1. mais q 


Expressions similar to Eqs. 8a and 8b cal 

pallies 
components of motion Az and Ay of the end poled n caused rend the application 
of increments to the angles of this second triangle, still holding the remaining - 


angles” of the net as as fixed. ith ‘point 3 Tegarded a: as the ini point for r this 


triangle, these « equations become | 


— 
434, 434,294 | 


V5.0, — 


to written for the the is at that 


of the fixed line which ie a left-hand rotation when the angle at C is giv <a 


oa ‘positive increment vc. hoa’ 
In Fig. :. , triangle 345 | hes 3-4 as the fixed base with the | point of vetation 
: - still ill at point 3. . Thus, the signs in the equations for this triangle will be 1 the 
~ same as in those for triangle 134. In this manner , all the triangles are used 
until the end point of the net is reached. _ The combined effect of the increments 
_of the angles of each 1 triangle applied i in n order i is | given b by the expressions: Res 


|. 
— Be (5, 94 — vp) 306,265 


gin 


tion (c) shows the preliminary angle adj ustment for one quadrangle, on w hich 


se sections (d), ©), (f), and (g), respectively, : are based. Together v with simi- 
ot computations for the remaining quadrangles of he net (c), 


xed 


2 


— 
and 
— 
— 
| 
— 
A sample numerigal solution, based on the triangulation net of Fig. 1, is — ‘il coe 
|. g 
5 
b — 
| 
the stations in the net, as well as the y-compone 
closure, as shown in section @. 
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> 


ce ‘The ‘side equation | for one quadrangle, determined d from section (d) of 
= 3.30 (1) + 5.77 (2) — 2.47 (3) — 1.57 (4) + 3.66 (5) — 2.09 (6) 
+ 5. 06 (8) — 2. 63. (9) 1. 47 honed +3. 02 02 (31) 
1.55 (82) — 7.4 ....(11a) 


20,000. 20,000 42 14,352.09 «124° 27" 16.53" 


009.58 132 08 04.58 


QUADRILATERAL 1234 


Go Go Go 


39° 55 
37 48.2 
49 15.9. 
52 46.5. 
40 07.2. 
02 45.2 
24 18.3 ‘ 
37 28.6 7. 28.91 


422 
+24 
(c) PRELIMINARY ANGLE ADJUSTMENT—QUADRILATERAL 1234 


Measured value adjustment 
32° 32’ 56. 2” + 0. 22” +0. 6.46" 
53 37 13. 4 57 
05 37.8 38.02” — 0. 37.98 
— 0. 04 


00.00 


40° 57’ 53.9” —0.25" 53.65” — 0.04” 

(45 12 16.7 0.25 — 0.04 
3 21 02.6 


01.0 
108 42 51.55 


360 00 


nt 


4 
| 
4 = 
2 82°32’ 56.2” 47.59 +2.06— 01 
— 02.39 1560 
— =e —26+427 
— 35 13 57.2 4090 26.386 
—17+18 
49 42 26.7 
; 
— 
— 
16.41 
t 
| 
— Jer SHown in Fra.1 (Sem Text) 
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@ Swe 


_-9.7307992 + 3.30 (— 1+ 2) 2+ 3  -9.8123659 + 2.47 (— 24+ 3) 
-9.9138620 + 1.47 (—30+31)  —314+32 -9.9058528 + 1.55 (—31+32) 
-9.8166366 + 2.43 (— 7+ 8) 8+ 9 -9.7963953 + 2.63 (— 8+ 9) 
1.57 (— 4+ 5+6 9.8510300 + 2.09 5+ 6) 


(e) TRIANGLE CoMPUTATIONS, QUADRILATERAL 1234 AzimuTus 


14, 3: 52.09 ft, dog 4.1569145 
colog sin = 0.0941472 


:9043388 
.2317252 
-1554005 


4.2317252_ 


73 01 44.05 
53 21 02.39 
17,050.03 ft 
14,302.12 


17,050.03 ft “los 
42’ 05.60” colog sin 
12 16. log sin 


A log 
12,297.27 ft 
14,211.52 ft log = = 41526407 


Bearing Distance Cosine Latitude Departure 
55° 32’ 43.47” W 14,352.09 0.5657529 0.8245755 8,119.73 —11,834.38 
51 25 3248 E 14,302.12 .6235291 0.7818001 8,917.79 —«:11, 181.40 


© 
for) 
to 


124° 27’ 16. 


33 18.80 = 
27 ‘16. 53 (cheek) 


57 17 19.07 4 12,297.27 0.5404073 0. 8414034 — 6,645.53 346.96 


19, 347. 03 of line | (7-n) 
29,694.00 log L = 4.1763772— 


32,913.22 Fixed log L = 4.1763685 


OS 


29,947.68 
41,078.47 


41,078.07 


3. —(Continued) 


EXPLANATION OF 


Table 1, , which contains the data necessary to compute the coefficients of 


; - the unknown angle corrections, provides a column for each triangle used. The 
" headings of these columns are the number designations of the stations at which — 
the C angles are located. - Stations 3 and 5 are repeated because two C angles 
are located at each of them and these stations are featured i in determining the — 


algebraic signs of the coefficients. Reference to. Eqs. 10a and 10d will show 


significance of the numbers in the body of the table. 


_ _ Extreme care should be taken in respect to to the algebraic signs of the coeffi- 


cients, with due regard for the order of differences and also for the : signs of the 


(1055 
Angle 
a 
re 
As log sin . 
dog 2-3 231-25 32.48 
1-3 4 B2 79 42 05.60 
Course 
7 
4-1 S 
6 355.23 
n _ 50,615.18 
or, dividing by 2.918 it is >, Se 
7 = 1,13 (1) + 1.98 (2) — 0.85 (3) — 0.54 (4) + 1.26 (5) — 0.72 (6) 
= 4 
— 
— 


TRIANGULATION 
TRIANGULATION 


latitude ex coefficients, : assume that all the A angles of the several triangles receive 


products. These signs may be checked from Fig. 1 the 


sides. This series of expansions ‘indirectly will. cause, each 


4 plus corrections, which will cause an expansion of each of the opposite tr iangle 


37,037.52 | 43,052.89 | 43,052.89 | 60,685.70 
20,000.00 19,347.03 913.22 | 32,913.22 | 29,947.68 
73° O1’ 44.05”| 45° 12’ 16.41” 71° 33’ 16.55”| 43° 24” 18.54””| 95° 30’ 23.65”| 56° 44’ 33.24” 
53° 37’ 13.57”"| 79° 42’ 05.60” 81° 42’ 53.80’’| 35° 00’ 26.78” 84° 56’ 23.30” 
53° 21’ 02.39”| 55° 05’ 37.98”| 56° 37’ 27. 54° 52’ 47.66”| 49° 297 09. 56”| 38° 19’ 03.47" 


= 
038 1.66 0. 
30,615, 13,578 7 
0.0705 


078 


| 


| -0. 1093 


a 0.1022 


0315 


for) 
tb 


2S 


—0.0232 


4 


0.0540 


: 
— 


206,265" 


to have a north component of 
a4 ‘motion, on corresponding sign of the coefficient will be plus. If the component 


a motion is south, the sign will be minus. © Thus, if i c angle i is south of n, : 


an the s sign of the ‘corresponding coefficient will be plus; if a saath station lies 
north of n, the corresponding sign will be minus. 

ie There i is an occasional exception to this rule; for example, when the A > A angle 
ee: question is greater than 90°, an increase comes a contraction of the opposite 


side and the sign in question is reversed. 


: as Since an increase in the magnitude ¢ of any 1B iii causes a contraction of 
_ the side opposite A, the sign of the corresponding coeffitient will be the reverse _ 
“a that « derived from the A angle. Asi sin the case of of ‘nen angle, if the B Bangle 
more than 90°, , the resulting sign is again reversed. 


‘The signs of of ‘the | latitude coefficients due to an assumed plus correction n to 


De 


NON 


Coordinates N 

— | 
| 

0.0500 =| 0.0500 | 0.0188 0.0256 

0.1054 0.1054 | —0.0396 —0.0306 | | 

0.0752, —0.0190 |  —0.0830— —0.0056 | —0.0566 

Coordinates of end station: N = 50,615.18;E = 41,078.47. 

(s 
& 
4 
— | 
8 
m 
— 
— 
— 


ION 


an ss may n now be considered. In this case, these displacements of n 
= to a rotation of each of the lines the Cc angle | stations 
e the angle station in 1 question, per hen whether this 
causes a north or south movement of n. _ The signs of the latitude coefficients — ; 
in the problem under considers ation may then be checked by Fig. 1. 
Angle Change Coefficients —Inspection of the A angles will show that the 
one ir in the second triangle at station 5 is greater than 90°, thus the sign of of the 
va-coefficient will be reversed. Also, C angle stations 3, and 5 are ‘south 
of n, but station 7 lies north of n. . Therefore, the first four are regular and : 
‘Plus, the fifth is minus because the angle is greater than 90°, and the last 3 is. _ 
minus s because 7 lies north of = 
— Since” there are no angles greater than 90° among the B angles, all the 7 


‘UB- -coefficients will be minus except the last, which i is plus because 7 lies north I 


Determination of the Ve- -coefficients for the various triangles gives the 


; following: In triangle 1, the rotation is clockwise, a and the displacement has. - 


TABLE 2. —ComPuTATION oF COEFFICIENTS IN LATITUDE EQuaTION OF 


Direction Final 
coefi- 


0458 


3 


—0.0076 
—0.0320 
—0.0042 


| 
+0.0035 


: —0.0388 

—0. i654 0388 
+0. 


+0. 1093 
1093 


south component. ~The sign is therefore n minus; in triangles 2: and 3 3,C angl 
station 3 , the rotation is counterclockwise, which produces . a north displace 


of so that these two in 4and 5, C angle station 5, 


¥ 


| 
| 
| 
| — 


TRIANGULJ 


the rotation is is : clockwise an and the displacements of n are south, producing ae 
- coefficients; ; and in triangle 6, C angle station 7, the rotation is counterclockwise, 7 
producing a a north displacement and plus coefficient. 
The « departure equation coefficients may be checked by a similar analysis, — 
by considering the A angle changes as expansions, the B angle changes as 
‘ ; ‘contractions, ar and the C angle changes as ‘rotations, clockwise or counterclock- 


_ wise, and then deterr eae whether the resulting displacements are east. (+), 


in 
TO Direct 


Corrections t to the angles A, B, and C are are designated by the symbols va, By 
and ve. . Howe ever, the: direction method is generally used in reduction of a 
: a triangulation net; and, since each angle is the difference of two directions, each 
angle correction will be » the ‘difference between corresponding direction correc- 
dons. As is customary, direction corrections are designated by numbers within 


It will be found convenient to use the form of Tables 2 » and 3 to complete — 
TABLE 3.—COEFFICIENTS For DEPARTURE EQuaTIoNn OF 


SAMPLE (SEE TABLE 1) 


Py 


— TR TRIANGLE Designation 


Direction 


(3) 


—0.0315 


+40. 0315 
—0.1484 | 
-| +0.1484 —0.1045 
+0.1045 
+0.0190 


0.0056 


for each 
triangle. are three angles i in of coeffi- 
will appear in each column. example, in triangle 123 123, Fig. 1, the 


1 
4 
ind 
the 
in ¢ 
the 
fixe 
| the 
(11)..... -—0.0830 367 | —0.03 0.0353 | + : 
| 0.083 +0.0367 40.0367 —0. 53 | +0.0353 tan 


TRIANGULATION 


0.0458 v4 = 0.0458 [(3) — (1)J 0.0458 (1) + 0.0656 (120) 


— 0.1093 = 0. 1093 [(32) 0.1093 (31) 0. .1093 (32)... 


— 0.1022 v¢ = — 0.1022 [(6) — (5)] = 0.1022 (5) — 0.1022 ae (1%) 
_- The final coefficient of each direction correction is found by adding the 


individual opposite that direction horizontally i in each table. 


EQuaTION 
If the measured (field) angles are used | in the derivation of equations for | 


the final adjustment, the C angles, or cor responding directions, must be used 
in deriving the azimuth equation. However, if a preliminary adjustment of 
the ar angles in each quadrilateral is m made, as in the sample net, the angles are 
consistent throughout the net and any chain of directions connecting the two 
fixed bases may be used. Reference to Fig. 1 shows that the simplest form of 
_ the azimuth a is given by the following combination of directions: y 


-()+ (11) (12) + (16) — (17) + (19) + 2.50 0. .(13) 


- In Eq. 18, the constant term is found by the calculations shown in Table 4, ta 
me The yy and B angles are used to write an equa- TABLE ‘+e 
tien based on the length conditions connecting 
3 two measured bases. Both of these distance measure- mination oF Con- - 
ments ; should be reduced to ‘the standard elevation IN 
governing the coordinates: of the two fixed (U.S. .C. a. 
G. 8.) stations. ‘If the net is to be computed | on Los 
one of the state- wide systems of coordinates, the Line or 
field measurement of each base must be reduced to —_ 
7 sea level distance, and further corrected to the sc scale — ewer 


of the standard system. 


system of local coordinates is sometimes prefer-_ 
able. for a small area such as a county or metropoli- 


. tan district. For rural counties, it is customary to 3x180°.. 


‘reduce all measured distances to sea level 07.08 
In a large city, however, it may be desirable to make ™~" “©. | a 
the published results of the control survey agree as 
hearly as as possible with values which the local sur- 


-_veyor would find by | accurate measurement on the ground. _ This can be ac- 
complished by a system of local coordinates, reducing all distances (including a 
‘distances between fixed stations) to a mean elevation selected fi for the district. : 
‘The distance equation for ‘the sample ‘net under consideration is derived 


‘from m the computations sho shown i in Table 5, and has the form: it 


ee oe 


| 
| 
| 
“Ad 
4 
. 
—12+16..| 212|/55| 46.30 
—17+19..| 84/56] 23.30 
| 672/08] 07.08 
( 
4 
‘ean 


"TABLE ‘5. oF COEFFICIENTS in Eq. 


Log o or cin ide ae | ‘Value Log or log sin 


6 © 


73 01 44.07 | 9.9806632 +0.65 (— 1+ 3)]| Bi....] 5: ~31+32) 
45 12 16.41 | 9.8510300+2.09 (— 5+ 6) 5.6 — 7+ 9) 
71 33 16.55 | 9.9770948+0.71 (— 9+11) 5. 66 (— 
43 24 18.54 | 9.8370533 +2.23 (—28+29) 544: —25 
95 30 23.65 | 9.9979912 —0.20 (—23 +25) = 
56 44 33.24 | 9.9223180+1.38 (—15 +16) oe 56 23.30 - 

3. 7230650 3.7230563 

230563 


+87 
strati 


e principles and methods describedfin the preceding section were used gulat: 


advantage on a triangulation | project: in Logan County, Ohio, >, where it was” daylis 
out tl 

alway 
contr 
and ( 
of the 
and a 

a loc 
know! 
single 
heliot 


“chara 


SC. and GS. Station 


Logan (County Station 
Direction Numbers 


) ection: 


decided to a area four U.S. C.a nd Ss. 
stations to show some of the problems involved i in extending geodetic control 
a a rural area. In addition, the completed project wai was | intended to illustrate 
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some 
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| some of the values of horizontal control for se section, township, and other s survey 
corners in such an area. © Rolling terrain called for triangulation | rather than 


RIANGULATION NET 


| 


: traverse for the basic control, even considering the fact that triangulation alone : 
qi does not tie in any section corners. 7 
4 A reconnaissance party : set out to establish a chain of quadrilaterals connect- 
. ing U. S. C. and G. 8. stations “Logan” and “Best” on the north with “ ‘Cavern” 


stration ject, us which OU. 8.C.annG.S. | Locau Coorpt- 


7 ‘should be kept a as simple as 


ibl iH tr Station 
d ‘gulation 1 reconnaissance for 
out the aid of towers is not Logan... ..| 40 21 38.509 | 83 45 33.675 | 79,610.12| 97,393.08 
40 21 54.618 | 83 43 18.054 | 81,241.39/107,891.53 
a W ays easy. Cavern . | 40 14 59.354 83 40 21.441 39,227.22 121,599.65 7 
ortman . 0 71 3 51 06 228.66 1,628.5 
net shown is well Origin. ...| 40 25 00.000 | 83 45 00.000 100,000.00| 100,000. 00 


‘controlled by the . 
and G. S. stations at each 


of the four extreme corners. — It was therefore considered complete in itself 
and adjusted for final coordinates. Since e the project was it intended t to establish 


a local coordinate ‘system for the county, the local coordinates of the four 
stations were computed as shown in Table 6. 


The angles w ere ¢ observed i in daylight with a direction ‘theodolite reading to . 


‘single seconds. Special signals w were constructed for the pt purpose, including two 
heliotropes for use on the longer lines. Triangle closures on the seventeen 


triangles averaged 2.23 sec, W ith a maximum of 5.80 sec. | 


~The first adjustment involving nineteen equations (thirteen angle equations | 


six side equations) was completed by least : squares methods commonly 
used for this type of problem. AY set of preliminary adjusted | angles resulted 
“which, made all triangles in the net entirely consistent, but» did not require 
that the total net fit between fixed triangulation stations in either latitude or 
departure, 
_ Starting with the fixed line Logan- Wort tman and using corrected angles from 
the first adjustment, the lengths and azimuths of lines Logan- Bald Knob and 
Bald Knob-Cavern n were computed w with the triangles shown in Fig. 5. By 
use of these two lines | and the known coordinates of Logan, the local coordi-— 
nates of Cavern were found to be N 39, 228.14 and E 121,599.38, which, w hen 


tion compared with the known. coordinates of Cavern given in Table 6, show a 
trol Closing error of +0.92 ft in latitude and — 0.27 ft in departure. _ This d discrep-_ 


‘tney cannot: be be adjusted satisfactorily by any simple a arbitrary method such 


it 

— 
= 
— 
4 
— 
J 
| — 
avern 

i 
— 
— 


| 
NET 


as is commonly used for traverses, but should be eliminated by small changes 


in all the angles shown i in Fig. 5. | Corrections to other angles of the net also — 
w ill be involved, since the triangle closures and side equation relations set up 
in the original least squares solution must not be disturbed. — To accomplish 
this result, a complete new solution is ; needed u _ ‘the former nineteen -condi- 


Coord 


Angles 


fen, ‘pl tion equations based on corrected angles plus two additional ‘equations to take 


out the errors in latitude and departure, respectively. _ The coefficients for the 

first nineteen equations \ will be the same as before, but the constant term will 

be zero in each case since the adjusted equations are based on corrected angles. 

2 The new solution is accomplished efficiently by adding the necessary columns 

"to the tabular form of the preliminary solution, = 


LATITUDE AND Departure Equations 


are the of the station at the Cc ‘angle of each 


q 


4 Ar = — 


Sep 
— 
in w 
— tabl 

— i a \ 

— 
— ‘Table 
— Multi 
© 

d 10), ,; 
ot s. and ’ lV 
The latitude and departure equations take the form q 
Bs 


which 2’, y'n are prelimi 
the first adjustment. 


Derivation of the coefficients of the latitude equations is 
| greatly fac facilitated by the tabular arrangement shown in Tables 7 and 8. These 


_ tables are are similar to Tables 1, 2, and 3 for the sample net of Fig. 1. 
TABLE 7.—DatTa FOR LatiruvE 4 AND OF 


2 
97,393.08 =| 115,295.23 ‘115,295.23 
24’ 57.0” 51° 23’ 40.2” 53° 31’ 29.4” 
61° 13’ 00.8” 98° 33’ 08.5” 66° 47’ 38.8” | 60°57’ 05.0" 
* 22’ 02.2” 30° 03’ 11.3” | 59°40’ 51.9” 78° 17" 17. wil 


—14,828, 
0341 


out 1174 
Pa 


~ 434,294 204 ° 


ss Coordinates of end station: N = 39,227.22; E = 121,599.65. ee 


The latitude equation is written by inserting the coefficients i in Col. 
Table 8, using | the symbols (11), (12), ---, (37) to denote the unknown correc- a 
tions. The constant hn senmeeniie the fixed N-coordinate of the end point | 
(Cavern) minus the computed coordinate of f that point, in t this case Ra 0. 92. a 
Multiplication o of the for more convenient the e solution 
— 0.598 (11) 0. 576 (12) + 1.174 (13) - — 0.106 (14) + 0.638 
— 0.532 (18) 6. 306 (20) — 1.079 (23) + 1.385 (25) — 0.307 (27) a — 
+ 1.139 (29) — 0.832 (31) + 2.065 (32) - — 2.065 (34) — 0.399 (35) 7 
+ 0.399 (37) + 9.2 =0........ 
ponding the is written from 


| 
— 
Bald Knob | “Bald Knob 
Coordinatess{ 
0.03066 0.0306 0.0306 
4 0.1958 | 0.0719 0.0719 | 0719 
ake 
will — 
mns =! 
108, 
Ye 
Also, 
(150) — 


“TRIANGULATION NET apers 


in Col. 11, Table. 8, as s follows: 


— 2.203 (11) + 0.245 (12) + 1.958 (13) + 0.045 (14) - 0.27 
(18) 07 19 (20) + 0.646 (23) + 0.073 (25) 
— 0.485 (29) + 0.354 (31) — 1.237 (32) + 1.237 (34) + 0.170 (35) 
0.170 (87) — 2.7 = 0... 


TABLE 8.—CoMPUTATION OF CorEFFICIENTS IN Latirupe AND DE 


1QUATIONS FOR Loe: AN County 


: 


—0.1174 40.0576| .... 0.0598 -0.1958 

—0.0106 || .... +0: 0045 


+0. = 


| 
+0. 0832 +0.1 3g 0131 | 
|+0.2065 125 eee e | 0.1287 


qs. when the preceding nineteen equations, gave final | 


et “” tions to the angles, with the result that the position ¢ closure on the final s final station, 

Cavern, wa as 0.02 ft i in latitude and 0.01 ft in departure. In this manner, the 

entire supplementary net was made consistent with U. S. C. and G. S. stations 
in the county. ‘Tf it i is assumed that C. and ( G. 8. results are re acceptable 


without. local verification—certainly a logical assumption n for a rural area— 


this enya eliminates the need of measuring a base line or | of deter mining a 
Beni 
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bry +4 
+0.1958 Pi. 
— (14) — -0.0371 of a 
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INVESTIGATION OF DRAINAGE RATES , 


AFFECTING STABILITY OF 
BARTH DAMS 


By F. H. KELLOGG," M. ASCE 


The investigation described in this p paper was undertaken for the purpose - 


studying the effects of increased rates of reservoir drawdown on the. stability 


f 
of an earth dam. i Field observations of the rates of drainage « of several dams 


were compared with rates computed from a method of analysis ; similar to pro- 


cedures used in the theory of heat. Computed and observed rates agreed 


rT; 


ie Ww well. e To « obtain a w ider range of comparison, laboratory observations 


al and observed results indicated that the possibility of mass: slides 


from ‘reser voir ir drawdown has been somew hat exaggerated, but ‘that 


“sloughing” due to a process of flotation or “piping in ndueed by drawdown 


Saved deserve ‘more attention than it has received. Limitations for the method — 


dt 


Anyone who has watched a spring during the dry part of the summer -must 7 
have been impressed with the efficiency of nature’ s system of rationing, which 
continuously distributes water stored in some e long- forgotten | wet season at rates — 
_ that instantly adjust themselves to the supply on hand. | Engineers | in many 
fields have endeavored to learn the mechanics of this ayetem and to apply it 
t problems of water supply, land reclamation, and stabilization of foundations _ 


ad subgrades, as well as to 0 petroleum production a and agriculture. © They h have 


external source. underground pore spaces constitute the only source 0 of 


outflowing water, engineers must either use empirical rules, with their numerous - 
qualifications and local exceptions, or rely | on —* into the realm of theory — 


Rew —wWritten comments are invited tor immediate publication; to insure publicati 
should be submitted by February 1,1948. 


Prof. of Civ. Eng., Univ. of Mississippi, Univ ersity, Miss. 
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d that require a certain amount of to facilitate 


It was necessary to choose between these alter natives in n searching | for a 
q ‘solution to a specific problem, relative to the effect of rate of reservoir draw-— 
2 down on the ‘stability of an old earth dam. | - Both were tried 1. T he best results. 


were obtained from an analy tical method similar to that used in problems in- 


volving heat. and consolidation. A description of that method, together Ww ith 
supporting data from field ax and laboratory observations anda discussion ¢ of the 
application of the results to estimates of slope stability, constitutes the principal 
part of the subject matter presented in this paper. _ Some suggestions as as t to » the | 


limitations of the methods used are offered in the hope that other engineers can 
supply a. wider variety of data amenities the applicability of such analyses to 


dra am 
The term “steady state” is used to describe a of constant rate of a 


seepage and a distribution of heads that does not vary with time. Seepage 
through a dam wh hen the reser voir is held at constant level, so that all water 
escaping is replaced from the pool, is ‘an example of this condition. The term 

“unsteady state” is used to represent a condition of variable rate of ‘Seepage 
and head distribution changing with time. s Seepage from adam. during a draw- 


down, when all escaping water is not replac ed, is an — of inetd state 


- - s law is valid. No direct is given to the re 


Problem Involved - —The particular problem that led to the investiga- Ww: 
b-? tions was one of judging | the maximum safe rate of drawdown of the reservoir Op 
_ ~ impounded by the Blue Ridge Dam, a semihydraulic fill dam built about 1930, % de 
in northwest Georgia. Since 193¢ 1939, Blue ‘Ridge Dam has been as 
"part of a regional system of power plants. all 
operating rule, inherited from the original o ow ner, limited of 
drawdown of the reservoir to 1 ft per day ¢ or 5 ft 5 ft per week, to prevent “slough- ; pr 
— ing” of the dam. In 1943, during a 4 period of unprecedented demand for po power, ai 
rule caused. a bottleneck in the operation of the entire reservoir system. 
pi 
‘The ‘question arose as to whether ¢ the rate of drawdown could safely be in- flo 

J he, ‘The problem was as attacked | by trying to determine the : rate of decrease of 9 “the 
ss the hydrostatic pressures exerted by the water in the pores of of the embankment, gre 


“during a given drawdown, so that (a) stability against m mass ; sliding could be 
estimated by “slip circle” analyses,? and (b) stability against flotation or “pip- — 


’ could be estimated by analysis of | of the stresses at the upstream face. 
Published Data.—An analysis of s seepage in the u unsteady state similar to that. 
i aa used i in problems of unsteady state heat flow has been applied to ground waters 1935 
involving very low hydraulic gradients. The method and its fallacies w were 
ig 2**Pendleton Levee Failure, ” by Kenneth E. Fields and William L. Wells, Transactions, ASCE, Vo. 
mt ee _**Uplift and Seepage Under Dams on on Sand,” by L. F. Harza, ibid., Vol. 100, 1935, r pp. ent be: pp. | 
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discussed by y Morris Muskat,! 4 in 1937. Cl Charles V. ‘Theis® has used a a thermo- 
_ | - dynamic analogy i in computing the rates of drawdown of a pumped well. His oo 
a _ computed data show a remarkably close / agreement with observations under 

l= certain conditions. Mr. Muskat® has presented an analysis of steady state 

flow in which time enters as a boundary condition. This theory specifically 

1- applies to the rate of advancement of an oil- water interface. _ Karl Terzaghi,” 

h | ; M. ASCE, discusses the time rate of drainage a of an ideal sand through its base. 

H. A. Brahta® considers unsteady state drainage of an earth dam which in- 

al volves three factors that must be determined in the laboratory—namely, per- 

meability, percentage of air voids, a and modulus of compressibility. Lacking 

in the required facilities, the last of these factors could not be determined during 

to investigation, so no checks on this method could be made, 
- | a The various empirical rules generally applied to drainage involve grain size 

of | and plasticity. Their application would lead to the conclusion that clays can- 

ge — not be treated by drainage. This conclusion is contrary to field experience, 

er since many cuts in flocculent clays have been stabilized by drainage. _ ; 
m1 — Since references es to such literature as was available gave no procedure readily — 


ge — applicable to the problem a at hand, it was decided to o study observations of ort 

| | wa of change of pore-water pressures it in various | earth dams in the hope of 
te | obtaining | some empirical rule or of developing an analytical treatment with 
| the aid of factual information not immediately available. Ses 7 “= 
7 Notation .—The letter ‘symbols in the paper are defined where they first 


‘appear, in the text or by ‘illustration, ‘and are assembled for - convenience of | 


Teference i in 


operation for years or ‘The initial observations were made while the 


elevations | of the impounded reservoirs were held constant at high levels a 


: prolonged periods. Thus, for each observation point, a pressure could eventu 


be read which would not change with time, indicating a steady state. 

Later, a as s the reservoir elevations were lowered, the rates of change of pore-water _ 

pressure at each point were compared with the rates of drawdown. 
et Obviously, : any change in hydrostatic pi pressure indicated by s sounding an 
re open w vell involves. a flow of water either into or out of the well. | ‘Unless this 
flo ow oceurs in an ‘infinitely short time, a sounding made during periods of a 
changing water levels will merely represent the apex of a cone of depression or 
‘the e top of a water cone. _ The > height of such a cone will become progressively 


d wef i Therefore, in this investigation, the same type of measuring devices were _ 


-e ‘ “The Flow of Homogeneous Fluids through Porous Media,” by Morris Muskat, McGraw-Hill Book 
Inc., New York, N. Y., Ist Ed., 1987, pp. 363-365. 
_ _  _5**The Relation Between the Lowering of the Piezometric Surface and the Rate and Duration of a 
m a Using Ground-Water Storage,” by Charles V. Theis, Transactions, Am. Geophysical Union, Vol. 16, 

i be **“The Flow of Homogeneous Fluids Through Porous Media,” by Morris Muskat, McGraw-Hill Book _ 


Inc., New York, N. Y., Ist Ed., 1937, p. 453 et 
7**Theoretical Soil Mechanics,” by Karl Terzaghi, John Wiley ‘& Sons, Inc., New York, N. Y., 1943. 
am “‘Notes on Analytic Soil Mechanics,” by J. R. Bruggeman, C. N. Zangar, and J. H. A. Brahtz, 


No. 592, Bureau of Reclamation, U. of the Interior, Denver, Colo., 
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DRAINAGE RATES” 
used that are employed in n reading pore-water in and clays.° 
7 he ‘Speci al pressure cells, reading to 0.1 in. of hydrostatic head, w ere developed for 


= use in studying model embankments. _ The pur pose of these cells was to disturb _ 


the natural flow of pore water during drainage as little as possible by the 


Since pore. pressures in an earth dam sometimes rise as the res reservoir falls | 
(for example, curve C, Fig. 1(b)), they have been converted to values that will © 
be more sensitive indicators of response to reservoir fluctuations. — These values Fo 


are expres essed in terms s of ‘ ‘potential head. Prscescag head at a; a given eae is 


head wane een that point and the drain, Za, OF 


ied a in n which hi is potential head, at a given pore pressure cell; Zp is the e elevation of 
cell; 22 is the elevation of the drain or outlet; Uw is the pore pressure reading; 
and y is the unit weight of water. Fig. 2(a) illustrates this conception. The 
dotted curves in ‘Fig. 2(a) represent contours of potential head at zero time 
(initial steady state), and the curves marked by a arrows represent lines of flow. | 
Fig. 2(6), hydrographs have been plotted showing the variation in po- 
‘tential heads at various points within a sand model embankment during a a 
drawdown of the | pool impounded by that embankment. The p potential heads 
(ordinates) ‘were computed, from: readings of pore ‘pressure cells, by Eq. 1 
Where observed values: of head for zero time differed from those taken Lgl 
the theoretical flow net of Fig. 2(a), the former were used in Fig. 2(b). he 
topmost curve of Fig. (2(6), n marked ‘ “Pool,” shows the time rate of ae 
of the pool. Comparing the idvempenbe of the « cells with the hydrograph ¢ of 
the reservoir, a functional relationship between the rate of change of reservoir _ 
level and the rate of change of potential head at each cell location i is noted | 


ss @nee, ‘whereas such a relationship i is less readily apparent if only the rate of 
p= change of pore pressure is studiec ompare Fig. with Fig. 2(c ig. 
f tudied. (Compare Fig. 2(6) with Fig. 2(c).) 

_ 2(b) shows clearly how the rate of change of potential head during a an unsteady 
state increases as the downstream toe or drain of the dam is approached. “ _ 
: An ‘most important approximation r revealed by such hydrographs was that, — 
1 over most of the dam at least, , all cells with a given potential head during» 
"periods of f constant | pool level w would show the same hydrographs during periods: 
of changing reservoir level, regardless. of the locations of the cells. . The hydro- 
graphs of cells 0 and 5, or of cells 2, 3, and 4 int Fig. 2(d), illustrate this. — : Such 


an observation does not hold i in regions which, at the time of observation, are 


= 


above the level of the pool at that same time 
These properties | of the hydrographs of pore pressure cells strongly invite 
— the development of an empirical rule. In fact, one was formulated which ex- < 
"pressed, quite closely, the rates of drainage for two particular dams. -Howev io 
indicated t that rate of drainage i is independent of permeability. Since these 
— two dams involved extremely slow rates of drawdown, the effects of permeability 
i 


- as = ‘Measurement of Pore-Water Pressure i in Silt and Clay, "sg by K. Terzaghi, Civil Engineering, January, j 
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were so little as to be e negligible, but the empirical rule holding for them could — 
not be extended very far. After following various statistical studies “around a © 


7 circle,” : such methods were abandoned in favor of a physical analysis of the 
Analogy Between aed Heat Flow. —An “analogy 
has been in some detail by Professor Terzaghi and 0. 
Froclich 


In the structures involved in the present investigation, however, no definite 
evidences of consolidation were found, either from settlement measurements or 
from pore pressure observations. _ This section o of the paper therefore refers. to 
7 the | problem of. drainage from p pore spaces, the volume of which is assumed to 

remain essentially constant. As one working hypothesis, the assumption has 


that this condition of eal to used 


In: seepage, Darcy’ s law states that the average velocity is naan to 
the hydraulic gradient, from which it follows, as shown in Appendix II, that the 
| . net quantity | of y water flowing in time d¢ out of an element of porous material — 
: having a a volume dz dy dz i is kV? h dx dy dz dt, in 1 which h is the drop in head 
across the element and kis the permeability coefficient. - In heat flow, the 
Biot-Fourier law states that quantity of heat per unit area is s proportional to the 
_ temperature gradient, s so that the net quantity « of heat flowing out of an element 


! | in time dt is k’ V? T’ dz dy dz dt, in which k’ is the coefficient of heat transmission | 


and TM is the ‘difference ir in temperature across. the element. _ This quantity can 


‘also be expressed i in another Specific heat is defined as the ratio Is: 
in which q, is the quantity of heat required to raise 1 g of transmitting substance © 
C and is the quantity required to raise 1 g of water 1° C. Since this slatter 


quantity y may be considered ai as sone ¢ calory, specific heat multiplied | by y unity gives 


volume dx dy dz, of | this medium, there are p dx dy dz grams, in which , p is 
density i in grams per cubic centimeter. Therefore, calling specific heat the 
' — of heat: ae tor raise an element of conducting medium dT’ degrees 


de dy dz dt = = dy dsdT’....... 


state. 


factor | is d the diusivity” of the conducting nedium. 


relationship similar to Eq. 3 could be. demonstrated for seepage, a wealth a 


technique would be available. for problems of drainage. For such 


36. 


q 
— 
' | 
— 
4 
— 
a 
— 
BS __£q. 3 is the basis of the classical analyses of heat flow in the unstead — yn 
— 
— 


wa such that 7 


xc: quantity k/wa = = cq would then be a constant characteristic of the porous 
medium in which drainage | takes place, ‘expressing potential speed of drainage. 
It will be designated as the ‘ ‘drainability” of the material, to emphasize. the 
analogy, with diffusivity in heat transmission. 
Transposing 
dz dy d 
dx 
If “yield” is defined as as the volume of water drained without replacement from 
a unit volume of porous material, then the left-hand side of Eq. 6 represents the 7 


_ Designating yield | Wy, Eq. 6 may be written — 


‘The constant Wa oe therefore be defined as er itis of water that can be 


drained from a unit volume of porous material by a unit change in head. | _ 


will be designated as as “specific drainage.’ 
In Appendix | II, ° various solutions of Eq. 4 are given. Values of pore p pres- 
a E . ‘sures and yields computed fr from these ‘solutions have been compared with field. 


laboratory observations. After these comparisons are summarized, the 


“4 significance of the factors designated as as drainability and specific drainage will 


ne Procedure for Checking. —Observations o of Pore pressures were first made on 


earth dams that had been in operation for some time. Then , to check the — 
conditions found and to extend 1 them under controlled rates of drawdow i | 


“studies were made of model embankments in which a | steady state was allowed 


to develop before applying draw downs at uniform rates. Finally, to check th the 

methods of computation against some factor other than pore- -water pressure, 

op ae sand sam} ples were saturated and per permitted to drain, the yield at various times initi 
33 being measured. — In these samples, horizcntal drainage and vertical drainage © iC) 


Were: observed separately. Also, both drainage under gravity alone and drain- pres 
time 


For dams model embankments, pore pressures were computed from obse 
Eq. 1, using Eqs. 30 in Appendix II to. values of. potential head. 7 
Eqs. 30 are the result of a very crude analysis, but a rigorous s solution of the prob- 7 more 
lem could: not be made, and the method used serves to give a fair estimate as 


: long a as ‘points in the region of zero or ‘negative hydrostatic pressure are not 
considered ¢ and as long as the drawdown i is not so rapid as to leave the largest 


part of the r region of positive hydrostatic . pressure above the pool level at the © 
‘The first steps i in the computations were to take the observed pore pressure 
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‘for one cell and “oo time and to com pute the drainability from Eqs. 30. 
this value was inserted in Eqs. 30, “i the pore pressure for this cell at other | 

times was computed, for c comparison with observed values. - Finally, t using the +: 
‘same value of drainability, the pore pressures at other cells at various times 
were computed. ‘However, when laboratory tests indicated a considerable 


variation in materials at different cells, a new value | of drainability was deter- 


For sand samples, a a . drainage index was considered, defined as the yield at 

e given time divided by the total yield under the conditions considered. 

q. 24 in Appendix II w as s used for horizontal drainage; >; and Eggs. 25 and 26 

q were used for vertical drainage. ‘The drainability w was first computed from the 
: "drainage index observed at one time, and this value was used — the 


‘drainage indexes at other times for comparison with obser — — 


Outer Limit of Core 
inner Limit of Core 


(Shaded Areas Show Unwashed Shoulder) 
LEGEND 
Pore Pressure Cell 


Ground Surface 


Rock Surface 


Fie. SEcTIONS (OF Dam 
Comparison of Computed and Observed Data. —The operation of the reservoirs” 
impounded by four earth dams was such as to 7 permit the attainment of a a steady a 
state of seepage, follow ed by an unsteady st state induced by drawdown. Fig. 3 


| shows Aly cross sections of these dams and the head contours during the _ _ 
initial steady state as determined from readings of pore pressure cells. «*Fig. 
a (a) shows reservoir hydrographs for drawdown periods: during Ww hich pore — 
pressure readings were taken. “Fig. shows a a few typical pore pressure- 


time curves. curves were computed, whereas the points represent actual 


In Tn general, pore pressures did not oy those observed by, 
‘more than 2 lb per sq In one case, where the cell ‘reading was only 2 


. per sq in., and the cell was above pool level at the time of reading, | a variation 
be of 5 5 Ib per ‘8q in. was noted. However, since the analysis used becomes invalid — 
at points within the embankment higher than pool level, a check could not be 


‘For -Chatuge Dam, in sc southwestern North Carolina, and Cherokee Dam, 


in eastern Tennessee, a sed value | of drainability served to check all cells. 
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would check observations at a given cell for one time would agree for other 


times, but not for other cells. A consider: able variation in permeability was 
“found i in these two wit 1 gives test: data \ which serve to describe the 


TABLE 1.—Test VALUES FOR Dame 


= 
Structure Clays Liquid Plasticity Permeability t 
52to73 | 30%042 | |0.003t00.007 f 
Chatuge Dam (North 64 to 76 45 to 47 | a to 15 | 0.0003 to 0.005 
Cherokee Dam (Tennessee). . .| 158t0 82 | to 66 | 20 to 41 0.000008 to 0.00008 d 
‘Nottely Dam (Georgia) .. 94 to 43 4to 23 | 0.0003 to0.2 
Percentage of the total sample, by dry weight. Particles with equivalent diameter greater than 0.05 mm 
are classified as sand and those with equivalent diameters less than 0.005 mm are classified as clay. - >Feet a 


Nine model embankments were studied, three of which were. made of. g b 
Ottawa sand, three of graded Ottawa sand, and three of a fine, 
micaceous sand. Four different linear rates of drawdown \ were used for each 
‘model. ¥ Fig. 2(a) shows a cross section of one of the models, with cell = ft 
and a theoretical flow net t. The material i is assumed to be isotropic. ‘Fig. - 2(6) 


shows the | typical hydrograph for one drawdown, and hydrographs for six ‘pore 


pressure cells during that drawdown. The points represent observations. 


curves are plotted from 30, gers, II, using the following data: 


ers 


— 


Yield, in Cubic Centimet 


a 


~ 
= 


In Fig. 2(b) wa is th the 
value of the hydrograph of each cell at represents the observed 
“potential head during the initial steady Cells 2 and 3 show appreciably 
‘different initial values from those. indicated by the theoretical flow net of 
Fig. 2(a). he In Fig. 2(c), the hydrographs « of the cells have been converted into 
Pore pressure-time curves by Eq. 1 # Results for other observations of model _ 
embankments are quite similar to those shown i in Fig. 2, and to 1 the results” 


; obtained from field observations « on dams drawdown. 
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as ‘The computed values shown in Figs. land 2 have been obtained on the 

basis ¢ of steady state flow nets derived from | readings of pore pressure cells. - 
The question naturally arises as to how these computations would have checked | 7 

ink theoretical flow nets been used as a basis. The head distribution shown 


in Fig. 3 for Blue Ridge Dam is s obviously unlike any that c could be obtained ; 
theoretically. Since the dam is a semihydraulic fill with a fairly pervious : 
‘ae and considerable v: variation in the permeability of the flow system, 
this condition i is not surprising. — The flow nets for Chatuge, , Cherokee, and 4 
Nottely dams are somew hat different from t the corresponding theoretical 


7 nets for isotropic embankments. © _ By assuming various values of anisotropy 


fear "each dam (calling “anisotropy” the ratio of permeability in a horizontal — 

8 direction to that in a vertical direction), a fair agreement hes observed 

i - theoretical heads could be obtained for one e par ticular value. The highest 

mi value of anisotropy that had to be used to obtain 1 agreement | between theoretical 

observed flow nets was 50 at Guntersville. Dam (in northern Alabama), 

_— but, usually, the value was between 1 and 4. * Ordinarily, a theoretical flow : 

a ‘het is made assuming ¢ an anisotropy of of 1 or some other arbitrarily chosen value. 7 

— Under such conditions, di pressures computed for the unsteady state could 

of 
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into the volume of water drained from a ‘sand sample by gravity 
10del lone, plotted against time. Drainage occurred through vertical planes at 
sults each end of the ‘Curve A results for graded Ottawa sand, 
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standard s sieve No. 30, and is retained on a No. 200 ‘sieve. ‘The curves ' were f 
computed by Eq. 24 i in Appendix II, and the pi points represent actual observa- | 
tions. The two generations of indicated by curve A seem to be 

characteristic of medium-grained to coarse-grained sands, and indicate that - 


pony e may be several independent flow systems i in a sand, ai which the most _ oe 
permeable i is the only on one of practical significance. 
Similar comparisons were obtained when al all water vertically, drain- | 9 


. ing from the base of the sample. is Drainage wa: was induced in this case by gravity | 


: ‘= a constant external stress, maintained by applying a constant air yore 
at the top of the sample. The curves were computed from E from Eqs. 24 and (25 
applied to Eq. 26 i in Appendix II. 


“hy 


“Slope Stability — —The stability of slope mass may be esti- 
mated by the ' “slip circle” method . Field evidence indicates this method is 
satisfactory for analyzing slope stability if the pore pressures are known? In 
= case of an earth dam subjected to drawdown of its impounded reservoir, a 
_ the pore-w rater | pressures are frequently ‘considered as | those that would exist if a 
no drainage Ww hatsoever were to occur. Under such an assumption, the “factor — 
safety” for Blue Ridge Dam was computed ai as 0. 95, indicating that the > dam 
ee should #ot be. e standing. ‘Using Eqs. 30 in n Appendix | II and Eqs. 1 in the text — 
to estimate the pore pressures, and considering the maximum rate of f drawdown 
ar due to water passing through the t turbines in . the Powerhouse, , the slip wold 
“factor of safety” was: computed as as 1.5. 
Flotation Due to Drawdown -—Distinct f from the question | of slic sliding is 
the possibility of ‘ “sloughing” of the upstream slope during « drawdown. 
ae condition, frequently associated with a rapid lowering | of reservoir levels, 
_ distinguished from mass sliding i in that it is local i in extent, and would only lead 
to complete ; failure of the dam by progressive action over a period of time. It. 
is suggested that such “sloughing” may be the result of @ process of flotation nor 
epigtg,* in which the seepage forces induced by drainage out of the e upstream 7 
slope ‘produce a quicksand. Since the hydraulic gradient a at pool level during 
a drawdown may theoretically approach ‘infinity, due to convergence of 
a critical condition exists at this level when drawdown rates are rapid. — A filter 
Bp secon to resist the seepage forces and to prevent | washing of fill through its 


_ voids would obviously be a preventive measure. ~ Usually, filters are not carried — 


= APPLICATIONS 


much below pool level at 1 maximum drawdown. 


naterial. "The inset in Fig. 5 shows a 
abet of the force far at the upstream face, in which F; is the seepage 
ae force; Fy is the frictional force; W is the buoyed w weight; - and ¢ is the angle of 
internal friction. . The vector F; represents the seepage force required for equi- 
4 q librium. The actual seepage force at the end of a given period of ¢ drawdown 


may be expressed ¢ as yt 7, in which y is the unit weight of water and i is the 
hydraulic at the face at the time . Eq. 36 in 
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constant rate of drawdown. Knowing this value, a factor of safety — against 


flotation can be expressed as 
Pp 


a 90 ft at 2 ft per day as 2. 23. —— - computations indicated that a quick 


Final Pool Level 


nt 


lic Sr 


Hydrau 


| 


456 10 1 
Pressure Head, in Inches 


5.—Facrors THAT AFFECT THE Re- Fie. 6. —Yrewp- Pressure Curve (Grav 


condition - — be imminent at the upstr eam face when the rate of drawdow n 
increased to 5.3 ft per day. Actually, the rate has been increased from the old 
limit of 5 ft per week to 2 ft per day without | harmful effects. The additional 


a supply made available by such an increase represents an appreciable 
-monetary value, 

distribution of hydraulic ¢ gradient, along tl the ‘upstream. face at points 

_ below ‘minimum pool level i is , shown by the curves in Fig. 5 5 for materials | : 
three different drainabilities. These curves suggest the desirability of filter 


_ protection: below minimum pool level when the embankment material i is not = : 
obviously free and the drawdown rate is appreciable. 


Pore Pressures in. Media of Low Permeability—Field observations of pore- 


water pressures in in ae of ‘relatively i impervious materiale indicate 


“waters so that its top is level with the water surface and i imagine this body to be i a . 
Cor mpletely saturated. The body can be visualized as a plexus of 
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jul- material develops high excess hydrostatic pressures which dissipate very slowly. 
the | a 


cross section. 


‘channel were a cylinder, the holding the water pool 
es would be 277 ow sin 8, in which r is the radius of the channel; Fw is the | 


‘surface tension of water; and Bi is the angle ‘made by the meniscus with the 
horizontal. _ Resisting this force would be the weight of Ww ater above the pool, 
— wry D, in which D is the height of the meniscus above the | pool. For equi- 

1 


librium, D= = h., the height of the capillary water column, and | 


ow 


- ‘Solving for h 


2oysinB 


However, the general relationship 


ho = constant 


—may be e considered to hold. In Eq. 1 12, L is ‘the distance betw | 

of the porechamne, 

; As the pool level drops further, more of f the force of surface tension is : == 

mobilized to resist a a drop of the water level in the pore channels by : an increase = | 

in the curvature of the meniscus which increases the value of the angle . Bin ; on 

Eqs. 1 land 12. The maximum value of sin is unity, of course, and at t this 

__-value the full force of surface tension is brought to resist a drop i in pore-w -water a — 

iss 


ia a mene In a relatively fine material, the pore width, L of of Eq. 12, may be so 
small that a quite appreciable « dewdows may occur with no drop in pore- -water 

:. A level (D = = = he). 7 For example, in Cherokee Dam, at a distance of 70 ft above 
free surface of the Ww ater, negative pore pressure complete saturation 
a 7 (within | the limits of accuracy of the tests used) were observed. - Under ‘such 
ony 7 conditions (barring | consolidation), the pore pressures vary from — D at the gy 
_ top of the embankment, to zero at pool level, to i® h at a distance h below ‘wa 
as | 

the 


a pool level (expressing pressure as equivalent head), and decrease as rapidly as 
the pool is drawn down. _ Thus, a relatively i impervious embankment could 
show rates of decre ease of hydrostatic pressure during drawdown similar to those > 
exhibited by a free draining structure. y In terms of Eq. 4, the permeability & 
is low and the he yield per unit unit head Wa is zero; therefore, the the drainability k/wa 


- 
Suggested Limitation of Analysis.— 1. 12 represents a a condition of -equi- 
4 librium in which the pressure head created by the weight of water in the capil- o tesi 
lary channel h, balances an equivalent force, expressed as head, which is created _ - tho 
bys surface tension. For ‘equilibrium, the drawdown D is equal to the capillary tha 
head he, and the maximum value of . D or hy for this 3 equilibrium in a channel « of Thi 
given width occurs when sin 8 = = -1. WhenD> hey Eq. 12 may be eee as d 


pe 
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— ‘municating capillary channels o If the level of the f[ 
| pool is now lowered slightly, the Water wir capillary channels, 
a meniscus will form at the top of each channel. The pore water is held 
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war 


: in which h is the head available to produce flow in the capillary channel. The = 


value ¢ of L is obviously not constant, but varies over a wide range, possibly 
” similar to the variation in sizes of grains. Therefore, during a a drainage due to 
drawdown, the largest pore channels will drain. first whereas, in the smaller 


a mln, tan will simply be increases in curvatures of the menisci without — 


: aeuddte loss of water. Thus, each increment of drawdown will drain water: 


q 


from successively smaller channels. hi 
To illustrate these relationships, a cylinder of sand, 4 in. in and 
5 in. high, open at the top and base, was saturated and its base submerged. 


> The air en eat the top was adjusted so that the sand would remain saturated 


wi ithout flow. ‘Then the pressure at the top vi was increased by a an equivalent. of 


— 


2 in. of hydrostatic I head and the sand was allowed to drain until no additional 
_ rater was added to the yield during a 24- -hour period. This procedure was 
repeated at 2-in. head increments until no more water could be forced out of 
the sand. The total yield at the ¢ end of each pressure increment was plotted 


against the pressure head as shown in Fig. 6. 
Although the equilibrium conditions in this experiment are different from 
those expressed i in Eqs. 10 to 13, the principle | that there i is a capillary head, 
-_ varying inversely a as the width (or “ ‘diameter’’) of the capillary channel at the 
* air-water interface (which head sunt be overcome by a greater force to produce 
; aoe holds in in either case. In either case, when the pressure head is zero, 
there is no yield. - Furthermore, the yield approaches a maximum value, be- 
which there is ‘no drainage. This value is called “ ‘specific 
yield”’ in ground- water hy drology 3! a and the test for specific | yield i is similar to 

il that for the centrifuge moisture equivalent of a soil. Moreover, since pressure — 


| 
= a function of pore size, and yield, of pore diameter, the yield-pressure curve: - 


can be considered as a rough example | ofa pore-size distribution curve. Then, 
if there is any truth in the assumption that grain size is an index of pore size 
x (as implied i in the ‘ ‘effective size” hypothesis), the yield- “pressure curve should 
have the same general characteristic shape as does a grain-size distribution 
-curve—that is, it should suggest a _ probability curve, as does the curve in Fig. 6. 
To apply the concept of the ‘yield- -pressure curve to the analyses in 
paper, it is necessary to ¢ consider the draining mass as “homogeneous, or better, 
: as uniformly heterogeneous. In any element, the grain-size distribution and oe 
the por pore-size distribution must be considered the same as in any cotherelement. __ 
Consider : an element at the top of the draining medium, containing pore spaces — a 
of every size in the range of the material. In any one of these pore channels, 
‘if there is a force Fa promoting drainage, and an equal capillary force, h a 
Tesisting drainage, there is no flow. If the force Pai is ir increased by an infini- — : 
-tesimal amount, ¢ dF a, there is an increase in capillary resistance to h, +. dhi in 
_ those channels too small to permit flow, and seepage under a | head not greater 
than dh = dF ai in the 1e larger channels. _ The yield increases by : an amount dw,. 
| This i increase eventually becomes: smaller a as successively smaller pore spaces 


me drained by additional increments of draw down. as the total 


— — 


_ ‘The Occurrence of Ground Water in thé United States,” by O. E. Meinzer, W ater-Supply Paper 
No, 489, U. 8. G. S., Ss. Govt. Printing Office, Washington, D. C., 19: 
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re relationship i in Eq. 7 (dwy/dh = wa) can at best be only an 
_ At the value of the ‘specific yield, dw,/dh = wa = 0, and Eq.4 becomes 


As the differential for steady sta state flow. 


‘Since, as 2 a material becomes finer, the specific becomes and the 
_ pressure at which the value of specific yield | is approached becomes greater, the 
7 curve is better approximated by a a straight: line, _ dw »/dh = = Wa, 28 3 indicated by 
the , dashed line in Fig. 6.) As the value of specific yield i is s exceeded, the: straight 
line approximation becomes untenable. is concluded, therefore, that anal- 
ysis of drainage | problems by ‘methods analogous to those used for deheuinden 
the unsteady state of heat flow is an approximation that can hold only as long 
as drainage v water | can be taken from the capillary zone. After all drainable~ 
water has been removed from the porous body, air must enter the entire e surface — 
of the porous body; and, from Eq. 14, the ensuing drainage follows the laws of 
- the steady state. It is suggested that, in: such a ‘Steady state, the source is the | 
aig 
pony of the. draining mass, the inflowing material is air, and the process 
similar to one analyzed by ‘Mr. Muskat: for the rate of advancement ‘of a an oil- 


~ 


— 


interfaces 
— Since this study was made in connection with a specific problem relating ry 7 li 
s production rather than as a research project, sufficient data to support ¢ or refute t b 
the , suggestions given herein as to the limitations 0 of the analysis were not. ob- tl 
tained. This treatment has been included only in the hope that additional @ 
information ‘may b be available. which will better define of th 


_ ‘Ordinarily, when a an earth dam i is subjected to drawdown. of its impounded 


- ‘reservoir, it is assumed that the internal hydrostatic pressures s will decrease ver ry lit 
. MS slowly, if at all, unless the slopes of the dam are composed of relatively perme- - a 


. the dam. | Therefore, ‘substantial sums of m money have been spent i in securing _ 
large quantities o of pervious materials for the shoulders of earth dams, 
ori in constructing dams with v very flat slopes. oof 
oe! ‘ag Field observations summarized in this paper indicate that, in materials of th 
"4 relatively low permeability, the hydrostatic pressures may decrease about as 


2 > thle material. a slow decrease would materially reduce the stability of 


rapidly as in pervious materials, with little or no reduction in n stability. These 
_ observations were in fairly good agreement with hydrostatic pressures computed 


a from analyses similar to those used in problems. of heat transmission and con- 

solidation of clays. Such ‘computations | also agreed fairly well. with o observa- 

tions made in the ratory on model embankments and on volumes of water 

drained from sand samples under both gravity and induced pressures. Ma ‘S 


a - _ The analyses indicate that speed of drainage depends not only on permea- § for 


also on the volume of water that drained. For 
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of sand. The potential rate at which a a given material ca can drain is expressed — 
i by a constant designated a as “‘drainability,’ ” which i is the quotient of the permea a 
bility coefficient over the volume of water, per unit head, that can be drained — 
from a unit volume of the material. If this latter quantity should be zero, as" ye 
Bt it would be in a fine material i in which all water ‘is held in the pore spaces by 
capillarity, the drainability would be infinite, . regardless of the magnitude of 
the permeability “coefficient, and the pore pressures would decrease during a 
+ dane just as fast as they would for a material vy with a permeability coefli- a 
pene of infinity. Of co course, if the fine material were not well consolidated, 7 - 
that the capillary f forces to the oun structure resulted ii in consoli- 


Silts and fine sands, pabilit 
drainage by a rapid escape ye of water from the po pores, nor yields “fae to 7 
offset this drainage, are considered the most difficult materials to drain, and z 
the least desirable materials for the upstream shoulder of adam. Ae 


The data g given in this paper indicate that earth slopes. subjected to draw-_ 
- down are more likely to develop local failures from flotation or “piping” ’ action - 


of water r draining out o of the face of the 2 slope, than to fail by mass sliding. " The 
likelihood of flotation decreases with distance below the surface of the pool, 


but under certain conditions, it could occur. at appreciable distances beneath 
_ the surface of the pool, if not protected by a an adequate filter. ~ ee 


Although this investigation has not been extended far conus to determine ~ 


s limits | of the analyses, it it is tentatively y suggested that t the analyses will hold 
as long as the total head inducing drainage does not exceed the head required 


§ method of attack | for « cases es beyond ‘this limit has been ‘suggested but not i> 
veloped. From a practical viewpoint, it is considered that cases beyond this 
limit would be confined to sands te to ) draw vdowns of consider-— 
| able magnitude. 
* ‘The experimental work in this ‘paper was done under the 
of the Tennessee Valley Authority (TVA). _ The views expressed are those of 
the writer, do not necessarily r reflect those of the 


> 


“Soil Mechanics Nomenclature,” 
and with American Standard Symbols for (Z10.2— 
fo or Heat and Thermodynamics (Z10. 4—1943): a 


=a simplifying ex exponent defined by Eq. 
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4 DRAINAGE RATES 
D D = distance « of drawdown 
designated 
drainage index, as the ratio a given 
_ to the total volume drained (see Eq. 26) : 
d= drainage ratio due. entirely to gravity; 
dy = drainage ratio due entirely to pressure; 
= base of Naperian logarithms; Se 
;= = seepage force 1 required for equilibrium, the 
general seepage force being 
force that promotes drainage; 
F, = ‘internal friction force; ree as 
= any function, as defined in the text; distinction betwe een en functions, are 
designated fi, fe (Eq. 166), « or f’ (Eqs. 30); 


he = head at a given time or section; potential h head: 
= height of capillary rise; a 
= head loss due to flow 


hy = potential head during the initial st steady s state; 


7 = - hydraulic gradient at the upstream face at a. a given time; 


k= permeability coefficient analogous to the coefficient of heat trans-— 


L= = any | as defined in 1 the text; 
4 nm = an integer having successive values i 2, 


the initial steady state, a given point any 


onvenient fixed datum such as an impervious base; 


Pa 


= quantity of heat required to ‘raise 1 g of pre 


R = time ratio, t/ta (Eqs. 30); 


r = radius; polar coordinate (see 
= length of ar are: 
= = length o of are, measured along a flow line; 


ro = 1 ength of arc, measured along a head contour; 


= = temperature; 7 wis difference i in n temperature § across 
= time; ta = duration of drawdown; a 
= pore pressure re reading; 


= volume of water drained: = 


We = t lume that can be drained 


= yield; the volume that is t is draine from 
a unit volume of prs material; 


— 
— 
— 
| 
— 
— 
ar 
7) * ise 1 ¢ of transmitting substance 1° C; 4 
4 uantity of heat requ ae 
— r 
= q 
>. 
— 
— 1 
— 
orous material Dy a unit change 
rom & unlG volume O 


September, 194 [7 DRAINAGE RATES 
rtical coordinate, or above an base: 
= elevation of drain or outlet; 
elevation of pore pressure cell; BS 
elevation of reservoir surface at any ‘given time; 7 
angle with the horizontal, as the slope angle i in Fig. 5; 5F 
‘4 = unit weight of water; 
: coordinate of are (see 
in grams per ‘centimeter; 


exponent pom Eq. 23a); 
angle of internal friction; 
a parameter to and 


V=an operator. Or. 


APPENT DIX II. 


Coordinate Si ystem. — 
istic flow net; therefore, oS be convenient to consider this flow net as a 


curvilinear coor dinate : system, in which the position of f any given point i is fixed 

by the intersection of a head contour with. a flow line. | The coordinates of the 

‘point would then be designated by the parameters h, and y, h. being the 

numerical, value of the head contour during | the initial steady s state and y being | 

equal to q/k—in which 1g is the flow between the ‘point considered and any 

_ convenient dat datum such as an impervious base (during t' the wicuseaniadia state) 
and k is the permeability of the medium considered. 


_ ‘The lengths « of are along these curvilinear coordinates a are 


From Darcy’s law, ~ 


« 


complex 
- 

_MATHEMATICAL TREATMENT 

Be is _ dh, dy _ (dho)? ds, (16) 
— 
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can bes shown" that, in a curvilinear coordinate system of two dimensions, the 


operator V? becomes = 


or, from Eq. 17: In one one 


- 


Derivation of Differential Equation.—In a a element, de dy d da, i in 


which 0, Vey and are velocity components parallel to the @-axis, y- “axis, and 
“z-axis, the volume of water flowing i in time d¢ is: _ 
“Inflow parallel to the z-axis. xX dy xX de x dt 


Outflow parallel to the z-axis. .... in) x de x dt 


dy X dz X dt 


dx dy X dz X dt 
| | 
In 
this total volume can be written as 
--From t the definition of specific drainage, this volume can also be expressed as 
12 ‘Higher for Engineers and Physicists,” by ten 8. Sokolnikoff and Elizabeth 
ey Sokolnikoff, McGraw-Hill Book Co., Inc., Hew" York, N. Y., 1934, pp. 361-363. _ i 
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‘Equating nie two expressions, Eqs. 20b and 20c, and assuming k/wa = = 


F rom Eqs. 19, Eq. ‘21a becomes, in curvilinear — 
(eh, 

+3 


porous body with 


0 0 = ; and = H 


In Eqs. 22 and 23, is an integer having successive values 
_ drainage ratio is the ratio of the volume of water removed up te any Bae time 
to the total volume of water that can be drained under the existing conditions. 


For this case, _ by analogy with settlement computations, = 


In the of Eq. 24, may uséd to simplify compu- 
Solution ; for Vertical Drainage. —Consider a saturated porous body draining 
“ver tically its ‘base. For th this case, 


| 

—-1085 

q 

ba, — 

° 

length much greater than height 

ends, = O and z = L, Then 5 

7 t= 0. The solutio 

— 

il 

2) 

| 


su suppose that a constant air pressure is applied at the end of the 
porous body, amounting» to a pressure head. -Disregarding the effect of 
"gravity, the drainage ratio due to this pressure > only can b bef found | from Kq. 24, — 
with 2 z substituted for z. The drainage ra ratio for the case of gravity drainage 
- alone i is given by Eqs. 25. _ Then, by reasoning | analogous to to that used in settle- 


ment problems, the for combined pressure and “gravity 


in which d is the drainage ratio due to gravity alone and dz is that due to 
7 _ Drainage of | an v Earth Dam. —In . the preceding section, all flow is assumed to 
take place along straight | lines. the boundary conditions could be ex- 
— pressed in terms of z- coordinates and z- coordinates, so that solutions of Eq. 
. could be expressed as series that would converge to the initial head dis- 
tribution when the time f = 0. In most drainage problems of practical sig- 
nificance, the lines of flow w are e curved, with curved boundaries, ai as, for example, 
the “ine of seepage” in an earth dam. : Therefore, the coordinate system formed 
by the resulting flow net is curvilinear. — In such a case, i: which appears in 
and is defined in Eqs. 15, is no longer a constant, but varies with ho 
Hence, Fourier series solutions will no longer satisfy the differential 
equation. In heat transmission problems, where there are usually boundaries 
of elementary geometry, polar or elliptical coordinates can be used to. express _ 
the boundary conditions. 2 Then series converging to h =h when t= 0 can be 
obtained by use of Bessel functions « or Lamé functions. 7 Unfortunately, flow 
< ‘nets ; for most drainage conditions of practical significance. cannot be so idealized. 
Often, they defy analysis, and are determined by ‘successive approximation or. 
estimate. Hence, the following approximation method has been used 
to compute rates of drainage of earth dams. 7 ones 
Consider the condition: 


in which Aho i is the head drop between in a 
_ Steady s state flow net derived by graphical methods, and As; i is the length of a 


flow line between them. A glance at any of the flow nets in Figs. 2 or 3 will | 

show that, over considerable sections of an earth dam, the ratio is nearly con- 

Rant . The greatest variations occur near the drain and near the ‘upstream | 
slope, and the greatest e errors involved in assuming fia as constant will be at these 
= boundaries. However, any equation used to approximate value of h and 

es conforming to the ‘boundary conditions, h = 0 when A, = 0 and h = H —D 

h, - H, must approach the same numeric¢al values as these boundaries 
roached. — Furthermore, the observations described in the text indicate that . 
least at appreciable distances below the free surface), = 0, for 


_ earth dams to drawdown. Hence, if the 
8s 


- 


wae 


— 
(f 
— 
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— 
of 
‘Or 
if 
on 
— 
4 
‘4 
7) 7 
a 
wil 
| be 
4 
‘the 
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RA 


oA /As; = constant occurs in the —— 


ae the values of h must approach the correct values anyway, as long 


3 _as the solution satisfies the boundary conditions. a ar 
sidered: When ¢ = 0,h = he (initial steady 8 state) ; whent = 
(final steady sta state) ; = 0, and wh 
"Considering the drawdowr n, D’, as a 
- varies as function of time, D = fit). Still, it can be imagined as the net result - 
one another. The ‘Magnitude of each of these di drawdowns may be e considered - 
as d(D) = =f’) dt. If any one of these drawdown increments occurs at time t, 
a value of h is desired, the « drawdown.D’ in Eq. 29a can be replaced by @® dt; 7 
and t, by R ta — t (the time interval during which the drawdown increment was 
of the heads, due to > all such increments a occurring | up to time ta (or up to time 


Under these assumptions, , the following boundary con ditions may be con- 
Actually, of course, the drawdown of a reservoir is never instantaneous, but | 
of a series of infinitesimal instantaneous drawdowns which immediately follow . 
= if tg is the time during which all of them occur, and if R tz is the time for which — 
effective). : Thus, the head due to this increment ¢ can be computed. . The sum — 
< is then head resulting from the gradual drawdown. 


ll 


Ww will await then only that part of the face which is alw ays Prat level need 

be considered. In this region, as suggested by 1 readings of pore pressure cells 

and as confirmed by watching the flow of dye in models subjected to drawdown, | 
the flow is directed upstream and normal to the face. _ Therefore, the force 
polygon i is as shown it in Fig. 5. . The value of ‘the vector F F; in n Fig. 5 ‘Tepresents — 


the seepage force at equilibrium. Since the actual see seepage force is i, in which 
the gradient at the Eqs. 30 may be to compare 


| —#is used to express drainage f1 
| 
| 
| 
| 
. 
1 
| | 
| 
Flotation Due to Drawdown —Assuming that an adequate filter protects the _ 
= 
— 
— 


in in which Tio is the ‘potential head referred to the impervious base; ; H 


e maximum potential head; Bi is ; the angle made by the upstream tees with the 
horizontal; and r and @ are the polar coordinates of a point referred to the up 


stream toe as anorigin, 


hydraulic | along the upstream face is therefore the normal 


Gradient ho sin B 


evation,in Feet 


EI 


tis. the hydraulic gradient and zis the distance of any point along the 

face from the im ervious base, nok 
face pervious base, © 
\ 

The value = may be obtained from Eqs. 30. Ifthe 


at a constant rate, D = bt, then f’(é) dé in Eqs. 30 may be replaced by 6 dt. 


"Integrating as indicated in n Eqs. 30 and then with to ho, 


n=O 


In ‘numerical computations, the hydraulic gradient ‘basinal from Eq. 36 is 
a - positive when flow is directed away from the upstream face and negative | when 
: ener into thedam. Eq. 36, like Eqs. 30, from which i it was derived, is isnot 


H 


8) 


i=] 


the seepage force induced by given drawdown of the reservoir with that 

for equilibrium, 

ae ‘For zero time, corresponding to an initial steady state, the distribution of < 

head _ near the upstream face of an earth dam resting on an impervious ‘ 
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results as as high-water stage are 
™ technique en employed, and the pitfalls to be : avoided are all presented i in this 


_ interesting paper. The ma main objective of the ‘cutoffs, a as stated by the author, - 


rah Cutoff. 


“Elevation, in 
= 
Sara 
167,000 Cu Ft per Sec 


Willow Cutoff 


40 
4 Distance Below Cairo, Ill.,in ‘Miles 


lower flood heights. In this they been highly successful. Effects 
low-water flow have been slight, but perhaps warrant 
_ _ The low-water profile (Fig. 7) is composed of a series of alternately steep “a 
> in flat slopes, which become more accentuated at lower stages. Steep, low 


_ Nors.—This paper by Gerard H. . Matthes was published in January, 1947, Proceedings. — Ts 
on this paper has appeared in Proceedings, as follows: March, 1947, by W. E. Elam, C. L. Hall, H. D. aa 
Vogel, and Harry N. Pharr; and June, 1947, by Lytle Brown, ‘and inom Marston. iid 
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_ WILLIAMS AND GRAVES ON CUTOFFS © 


Discussions 


occur at the foot of shallow crossings, w shereas pools. ie 

een the crossir re generally so deep that very little slope i is required to 

; handle the low-water flow. The least depth available varies greatly from year 
to year, and in a random manner. This i is more or less the nature of the river, 
which normally builds up its crossings during periods of high water and scours” 
poy during falling s stages and low water in a varying ¢ degree, depending o ona 
“number of conditions cataloged hereafter. The slopes" at the crossings are 
variable as they depend on: How much the er crossings were built up during high 

stages; the rapidity of the fall; the length of ¢ crossing; the toughness of material 
on the bottom; the amount of f dredging; ¢ and, possibly, other factors. 
The easily erodible crossings are lowered first and a large part of the fall 


~ transferred to the ones’ w hich do not erode so easily, thus making | dredging 


necessary to assist. the natural action of the river at these points. _ During the 
low- water periods immediately following the creation of each cutoff, it was” 


necessary to perform more than the normal amount of dredging at th 


e crossings 


in the upstream reach affected iby the cutoff. The excess dredging requirements 


& 


re sduced rapidly from year to year, , howe ever, as the local drawdown occasioned 


the cutoff was distributed « over a ¢ a considerable ‘Teach of river. 


RS 


LOPES 


BSERV 


ARG 
‘Store (Foor PER BN Mite) Cu Fr per Sec) 


Oct. 2, 1931 | 


Nov. 11, 1944 


‘Dee. 21, 1937 


= 


Oct. 18, 1940 
Oct. 2, 1931 


0] 

= 

3 

(5) 


ao) | 


w 
=> 
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Marshall . 


Willow 


_ Worthington. 
 Tarpley 
Ashbrook. . 


a from of cutoff t to of next cutoff above, 1930 low-water mallenge for 
1981 conditions and by 1940 low-water mileage for the 1937 and 1944 conditions. & Approximate discharge. 


shows, by comparison, the changes i in slopes i in the reaches immedi- 
i es above the heads of the cutoffs. _ _ The slopes above the cutoffs have natur- 


ally retained some increase, but there i is a tendency for the river to adjust the 


i -water - slope and to improve the steep reaches. This is evident from Fig. 
8, hich shows wd of for 1944 and 1946 for the reach abov 


expected at and long it will take are known 


os ‘The result of the increase in low- -water slopes is an increase i | low- Ww ater 


velocities. it does not follow that the maximum low-water velocity i is increased 


t it is possible that such is s the case. low- “walt vater 


= 


seldom exceeds 


Feet 


tion, in 


tleva 


= 7 Se; 
—_— 
oust 
— 
— 
ma 
— In 
nu 
— 
— 
A 0. LOW- WATE MED DEFORE AND AFTER UCUTOFFS 
Gutott | Opening | Dit, | 3 sta 
— in = 
— | @ )} (14)| (a8) 
8-19-84] | 2.7| 0.42 | 0.38 | 0.21 | 0.32 | 138 | 135 | 121 | 178 vel 
1 19.8| 0.31 | 0.52 | 0.50 | 0.53 | 138 | 130 | 121 | 177 
Saran 3-23-36 2.3| 0.37 | 0.82] 0.59 | 0.47 | 138 |130]115 | 179 
12-25-33 | 2 9.8| 0.29 | 0.27| 0.50 | 0.42 | 138 | 130 | 115] 180 ‘im 
4-21-35 | 3.2| 0.23 | 0.61 | 0.30| 0.73 |138]}127/112| 181 
11-19-35 | 7.5| 0.24| 0.39] 0.36 | 0.31 | 138 | 127| 112] 182 
5-13-37 | 12.1] 0.25] .... | 0.33 | 0.35 |138]....| 110! 182 
or 
— 
the 
4 
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4 ft a or 5 ft per ‘sec, howev: ever, and is generally _— lower; : also dredging can b 
; used to correct any troublesome reach. There has been no noticeable decrease ee 


in depths since the opening of the cutoffs. _ Low-water navigation has been 
- maintained and low-water navigation depths have not been seriously affected 

In view ¢ of ‘the facts that the river has been materially shortened, and that a 


number of troublesome reaches have been eliminated in the old bend ways, low- 
water navigation has definitely been improved by the cutoffs. 


149,000 Cu Ft 


000 Cu 


Elevation,in Feet 


280 285 
Distance Below Cairo, Ill.,in Miles — 
—Low-WarTEr PROFILES Asove Harvin Cutorr To SHow SLOPE ADJUSTMENT 
AFTER Cutorr D DEVELOPMENT 


tom valley storage tends to increase flood flows the cutoffs, 2 as 


stated by Mr. Matthes. Leaving» the old bend ways open saves ¢ only ¢ a small 
part of tl the storage, as 3s lowerings i in the backwaters, w here large areas have cera 
be unw atered, have reduced the available flood storage by. a considerable amount. 
_ Computations indicate that there is some increase in peak flow as a result of the 


ever, cutoffs below the backwater areas combined wi ot ther 


elopments such as the increased capacity of the Atchafalaya eee, in Louisi- = 
ana, have more than n compensated for the increasec 
time of high water the greater 
* large a and efficient cross section for flow. The high- -water slopes are more uni- 
form: than 1 the low-w -water slopes, being largely independent of those channel 
features: which. predominate during low water. this reason, during 
ater the lowering effect may extend a considerable distance upstream 


ately a after the e development of the cutoff. — To show any progressive changes i in 7 
-high-w: -water er slopes, | a base year preceding the o opening of each cutoff was s selected © 
and the slope for this year ha has — compared with the slopes for years after 


-High-w ater slope data, in the f form of increments of slope over the s slope fol 
- the base y year, are summarized in Table 6 according to the number of ye: ‘years in 
__ tervening between the opening of the cutoff and the year in question. It will 
be noted that the increments shown are, in 1 each case, the total increase since 
the base year and not the annual increase. Practical difficulties have precluded 
obtaining strictly comparable slope data over a 
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“resulted in n the o1 omission 0 n of a number of cutoffs hon the tabulation, which shows. 
- that the a average increase in : high- water slope resulting from the cutoffs is about 


0.1 ft per mile. The average slope for these Teaches: before the cutoffs was 
o> about 0.3 ft per mile, and after the cutoffs about 0.4 ft per mile. | 


‘TABLE 6 -— INCREASE IN Hicu-WATER SLOPES IN REACH Azove E ACH 


(8) 


+ (0. 10) (0. 10) ©. 07) @. 08 (0. 06) © 10) (0. 13) 
6 or in slope, in feet per sie, aie year shown over slope io base year preceding opening ag of ae par- 
_ ticular oe 6 >» Average total increase to year shown: Average total increase for 12-yr period, 0.096 ft 
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"DEVELOPMENT AND HYDRAULIC DESIGN, 


‘BY Donan BLOTCKY, M. M. CULP, PAUL BAUMANN, 
J. PETERKA, AND Louis M. ‘LAUSHEY 


“knowledge of the mechanics 


pirical equations must be 
used. However, ‘it is 


‘It is the belief 


that use 


(Bq. 2) i is 
where formation of the — ; 
ie by blocks and sills. 
cnergy dissipation can 


action is concerned : First, ‘SHIPS IN HypRauLic 


that in which the energy 


dissipated due to impact « of solid the im- 
= ofwateron water, 


Now —This paper by Fred W. Blaisdell was published in February, 1947, Pr 1947, Proceedings. 
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Donatp E. Buorcky,* Assoc. M. ASCE.—Criteria for design of the Saint An- 
 thony Falls (SAF) stilling basin (Minneapolis, Minn.) are based on scour condi- 
the movable bed model. Because of thelimited 

| 
i 
— 

a 
| 
4 
7 

.. if 
7 


legree of energy loss 
ds known (27). so In the solution of the hydraulic jump (Fig. 
- 18(a)), the the phenomenon s starts at the toe of the j jump, , at Section ‘. and has a 


theoretical end of j jump at Section 2, which is 
OF Com- located at point: of maximum do. It 


BASED should be ‘noted that the jump acts from 
iss 
‘Data AS” 
-inas 


Eq. 2 relates the vs various parts s of the j jump as 


Section 1 to ‘Section 2 rithout interference. 

shown in Fig. 18(a). The second case (Fig. 


% is usually | a hydraulic jump with floor 
(ft) | Ge blocks added, and will hereinafter be called 


a “block jump” in distinction to a normal hy- 
7.52 ‘draulie j jump. The addition of blocks, which 
cause additional unknown e energy losses, in- 
validates Eq. 2. In place of ds, the writer 
suggests that d., , the critical. depth, be used in 
presenting the equation for the length 
of basin. Since the following 

= W(de) = = ....(9) 
4 
{ 


@) | (4) 


Say any one of the equal functions can be sub- 
‘stituted and the result will be changed in 


form only. would, perhaps, be even more 
desirable ‘to present t the equation for Lg as a 


“ funetion of F and d's. In Table 9, values of d, are given for various runs as 
‘computed from 


Be 


: 
=) 


678910  — 20 60 


Fie. 19.— Puor oF Basin For C Comrantson 


14 Numerals in thus; (27), refer to corresponding items in the (see Appendix. 
I of the Paper), and at the end discussion in this i issue. 
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in which q is the unit discharge and g is the acceleration due to gra 


es is suggested : as being r more rational than Eq. 3. It aaa yever, no more exact, 


inasmuch as both are envelope curves based on the same experimental data. 7 
In an n attempt to further’ analyze | the action of the block jump, various runs 


of the experiment were used as a basis for computation of values shown 


TABLE. 10— —SUMMARY OF Brock AN 
| | 


a | @ 


om 


NON 


We 


COPNNE | 


an 
USE 


In these equa equations, ‘th and ¢ represent energy | loss due to the hydraulic 
jump, the block jump, and the blocks alone, respectively ; d’ 2 is the depth of 
flow at section 2; i. €2, and €’ | Tepresent the specific energy at section 1, 
section 2, and ition 2’ , respectively ; and F; is the Froude number at section 1. 
‘The values in Col. .% Table 10, when plotted (Fig. 20) against th the corre- 


sponding Froude result i in the > equation 


Which i is comparable to Eq. 6 and is in a more desirable form. 
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_ Discussions 


In the hydraulic j jump, = bis the theoretical transition point the 
direct j jump and the undulated jump. It has been noted | (15a) that observed 
values of dz within the undulated j jump zone are in excess of those computed by 

= So _ Eq. 2. It has also been stated (15) that the actual transition point between 
the direct j jump and the undulated j jump is at about F = 4. _ It is interesting 
to note that the undular j jump also occurs in the block jump. — This i is evident 
nh because the ratio ¢ d’>/ di is greater than 1 for small values of F, and has 8 occurred 
for values of F as high as 15. - For this reason Eq. 18 ed not be used for 
values of F less than 15. . Further experimentation is necessary to loc inate the 


of for the undulated j block j jump. — 


re 


20 30 40 5060 80 100 200 300 


Fowdes Number, Fo 


ess ms gives the actual head loss caused by the blocks; Col. 9 
Poti ratio of the fe of the blocks as compared t to that of the hydraulie 
jump. «At should be noted that the blocks are most effective, compared to the 
Fig. 21 is a plot of the values of Cols. 7 and 8, Table 1 10, , against FP. “Study 
a of the manner in which the plotted p points follow the curves for the hydraulic 
jump causes speculation as to the actual nature of the relationship between 
parts of the block jump. _ Itis apparent that the ratios are comparable to those 
ina hydraulic jump and thus might be susceptible of an analytical | solution 
based on change of ‘momentum. = 
ae schematic picture of the conditions obtaining i in the block j jump is given 
in Fig. 18(b). Applying the momentum theorem, P; is the only new force 
involved over in 1 the s the hydraulic j jump. Change momen- 


= w P's = 23 is area at any section; w is sth 
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‘Fie. 21.—Renation BeTwEeen Ca RGIES AND DEPTHS 
or Normal Hyprauiic JUMP 


@ Velocities -Flat Plate () Pressure Bulbs- Flat 


Flat Plate on @) Pressure Bulbs - Blocks 
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ae of forces acting, on a flat plate eniolee to flow and completely 
submerged in the ‘fluid Fig. 22(a)). It can be shown by dimensional 
analysis | (28) (29) that the force actin# on the flat plate 


ea of 


_ which 0(R) = C;3;p = —;V is the velocity of approach; A, is the ¢ are 


and Cy isa coefficient form. 


Eq. 2lc is ; dimensionally and dynamically correct ; ; it is only in its s application 


that troubles arise 
itis assumed that 


« 


in which W is the width of plate ; d, the depth of plate; and k, the une of Bir 
basin width covered by ¢ clocks ; then Eq. 21¢ may be be rewritten 


Eq. 23 is an —" equation which cannot, by any simple n means, be solved 
a, into an explicit function. For this reason Eq. 23 must be solved by trial and 
error. As an original valve for d's, of dy can be used. The third 
‘solution will generally give the final value ¢ of In the foregoing analysis 


“not true, it ‘wen be shown that the general conditions still —é Fig. 2 206) 
shows the approx ximate bulbs on a flat conditions 


bulbs | are age ain varied to ‘the shown in Fig. 22(d). 


| 
— AP 
— 
| 
F = P33 is substituted in Eq. 19, gi 
8 
wi 
— 
— ime 
— 
— 
- Ps: solid boundary (30a) the pressure distribution is altered approximately as shown asi 
— 


analyzing the assumption ‘ean be made that the skin friction is 


in . which Cy is the coefficient of form drag. Rewriting E Ba. 9. 200, 


It is noted that the coefficient | Cais actually a nondimensional neuen ‘shown 
to vary with R, which, | when multiplied by the velocity head of stagnation, 
gives the pressure head caused by the Stagnation of flow. Referring to Fig. 


22(a),. the pressure under ideal circumstances would be the pressure due to 


_ stagnation yn of flow and thus equal to — - Since the streamlines of flow 
are approximately zero in width at the point of separation the velocity V. must 
be greater than | V, the velocity of approach. — For this reason, the negative 
pressure bulb is greater than the positive pressure bulb; can then be written 


where J+ is the coefficient in J45 —— to represent . the plus pressure on the front 


of the plate and J_ is the coefficient i in J_ =— to represent the negative pres- 
sure on the back of the plate caused by the velocity The true physical 


: _ nature of J J is shown in Fig. 22(e), where it is shown to be the average height of | 


pressure bulb over the area of the plate. 


ae In two-dimensional flow, J is one side of a plane rectangle ; in three-dimen- 
sional flow it is the height of a rectangular solid. _ Thus, by measuring the pres- 
sure ‘bulbs on the back and front of a block, the value of Caz is obtainable. 7 
_ Distinction should be made for the Ca of a _ single block and the Cz for a block 
group, since interference would cause a change in value. In studies pertaining 7 
to cavitation on baffle piers the coefficient J_ was determined to be equal to. 
for a a single cubical pier (31). canbe ae 
As another ‘approach to Ca, Eq. 23 can be rewritten as Us 


assuming K equal to 0.5, d equal to to di, and v equal to V,, the value of can 
be computed | for various runs of the ¢ experiments. "Included i in the foregoing 
~ assumptions i is the inherent fact that the chute blocks will not dissipate “— 
appreciable amount of of energy and. thus are ‘ignored. The compules of 
C4 based on these assumptions are e plotted against Rin Fig. 23. es ees 
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7 
Upt to about, oe = 10°, ‘the value of Ca i is practically constant, , which indi- 
~ cates that is pe” of for this 1 range. However, one point 


Coefficient of Form Drag, Ca 
. 


‘ig 
4 


10 
. 23.—Pror or Ca Versus R ror Biocx Jump 


a if the range of undulated j jumps extends to as high a value of F as 28. .2, then the 


observed d’s would be too high, and consequently the ri run could not be used 


in an equation based on change of momentum. _ Second, the value of Rerit has 
been reached, in which the boundary layer adjacent to the block has c changed 
from laminar to turbulent flow. Whether a solid, streamlined as slightly a as is 
‘the block, can exhibit this | characteristic is as yet unknown. Other experi-— 
_menters have made tests to determine C4 for a body similar to the floor block, 
- but so far have given ‘as a result only that Ca wa was constant and a value. No. 
- ae was made to correlate the value of Ca to R and no mention is made of 


the range R (32) . Iti is entirely possible for the smooth blocks used in 1 the 
Sd — to exhibit this characteristic omg if so the value > computed for Co 
cannot be used i in application to a prototype. prototype flow it would be 
a impossible for a laminar boundary layer to exist next to a surface as 


me In a model | controlled by ‘the Froude number the value of Ris different for 


“number refers to flow with a free surface, and actually has ‘no relationship 
whatever with the inner mechanism of confined flow Since the 
foregoing derivations are based on the premise that the blocks are completely 
submerged ‘this quotation will hold : and R will be t the same, as regards Ca, f or 
model and prototype. ‘The confined flow is between a solid boundary and a 

a streamline which has a pressure greater than zero and which is not affected by 
a surface disturbances. _ If the submergence is not sufficient to satisfy these 
= <> onditions the water ¥ would be deflected into the air and a free surface of flow 


— 

for this change. First, me 
other runs. Two possibilities can explain the ‘Treason for this c ange 

— “hig 
( 
— 
exan 

Inlet. 
to be 
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The author has given aid to » designers from two standpoints: (a) aoe pre- 


—-— design equations the designer has at hand a reasonable method to use; _ 


(b) perhaps of more importance, the designer may use a standardized 
ethod so that prototype structures may be ounce in action lad con 
uction. 
use of chutes and drop inlet spillways has demonstrated the need for some me- 
hanical device to assist in the dissipation of hydrodynamic energy at the ol 
of such spillways. Erosion damage below several drop inlets and chutes 
7 led to field inspections wil and study | of the problem _ It seemed that the principal 

_ 2. Soil condition in the gully bottom and banks; aw 


_ The stability : of the channel grade | below the ‘spillway (which affects 


4. The magnitude, duration, and frequency. of discharge through the ~ 


5. Vegetative growth or other protective cover in the immediate vicinity 


the outlet. 


>. Where damage o occurred it was obviously the result, of eddies produced by a 


and 
me 


ontrol work the 


jet of water emerging from the Severe For 
r 


Fic. or APRON oN TwIN 6-Fr RY 6-Fr Dror Inter 

example, Fig. 24 shows t the outlet et of a ty twin 6-ft by 6-1 ft reinforced concrete drop 

‘inlet. The outlet : apron had been undermined and s 80 badly cracked that it had 


1 Eng 


7 
2- @ 
7 
| 
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— 
ed by — 
| 
— 


Several spillways s constructed with Saint Falls (SAF) outlets dur- 
ing the past two years have not been subjected to a real test, as yet, and final 4 


capacity have occurred, and the short experience to date indicates that the — | 


‘The designer of this type of of outlet is confronted with the er ar 


conclusions cannot be drawn. _ However, several flows of less than design | 


structing a: stage- discharge curve for the natural channel below the spillway. 
Associated with problem is the determination of the probable grade and 
= cross section of a stable channel below the. spillway. Iti is a well- recognized 
fact that natural channels tend to degrade when the bed load is removed by 


deposition in a reservoir. The problem i is complicated further by variations 


in channel roughness with the. stage, and by nonuniform flow conditions that . 
_ may exist. 7 _ The problem may | be | simplified, however, by the construction of 
alow drop spillway in the channel below the SAF outlet. — Such a spillway p pro- 
vides a control from which backwater computations lead to reasonably correct 
_tailw ater elevations. 

‘The writer r sugggests that Mr. Blaisdell g give consideration to ‘the use of the 
= ‘wal? “chute,” in lieu of “flume,” to describe the high velocity | open spillway 
shown in Fig. 3. _ This: suggested nomenclature conforms to ‘the definition 


given in the ASCE Manual sad Engineering Practice No. 11, “Letter Symbols and 


Blaisdell is to be on presentation of a long, The 


lous, and difficult program of hydraulic tests Sof a generalized nature. The 


"writer is ec confident that the results of his work k, as reported i in the paper under 7 


discussion, will have continued and i increasing use, especially i in the field of 1 up- 
engineering, 
- Paut Baumann,® M. ASCE. —An : abundance of it information on | the model 
tet of the Saint Anthony Falls (SAF) stilling basin is ; presented i in this paper, 
and simple empirical formulas are proposed for determination of several critical 
dimensions. In addition, the design tailwater depth, as compared to do, 
the conjugate —_ ‘of the hydraulic : jump, , is expressed in in aos of the Froude 
‘Since the primary purpose of a stilling basin is the detains of ya 


it would have been helpful if information in regard to the configuration of the 
gradient between the upstream ‘side of the outlet and the 


Ah - of t the roller, respectively, i is governed by the loss in energy between it and the 
reservoir surface (assuming. the energy line to coincide with the reservoir sur- 

face for small velocity of approach). . The coefficient o to be applied to the 
“factor 2gh must be determined experimentally for each problem. Talues 
of deter mined | models therefore furnish valuable information for ‘those 


al who must prepare stilling basin designs without the aid of model tests. — 


rots In general, it has been found that t) does not drop much below 0.9 — super- 
critical flow of water under rounded gates, ah. , for water discharging, 4 
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over ogee sections of considerable height, ¢ may drop to 0.5 and lower iin. 

‘ing on the smoothness of the surface, the curvature of the ogee section as oo 


as that of the apron, and the transition between the crest and the : stilling basin. 


Such a loss in head, and therefore in energy, is reflected in the depth d, w ol a 
may be considerably in excess of the depth that would be established —— 
loss. The conjugate ds, derived from Eq. 2a, is necessarily affected 


loss in energy without the application of any factors. The validity 
‘ of this equation has been confirmed on models as well as on prototypes. 


Thi 
{ 
‘equation may, with close approximation, be written 


4 


Ine contradi 


in which H o is the vertical distance from the floor of the stilling basin to the 
_ upstream energy line e (reservoir surface) ; : and q is the discharge per unit width 


| of stilling basin. n Since appears in the second power, it is readily conceivable 
that its influence on the value of d; is significant. = 


in paper, “Baffle-Pier on Models of Pit River 


e most ‘efficient de- 


formation » oPRinetie into | heat energy) i is s due tc to the roller and that the 1 rise ein 
tempera ature of the roller should a maximum for the design d’ >. 


which H is the vertical the 
Surface) and the stilling basin water surface for depth 


at this equation, the empirical formula—_ 


was — for ey volume | of the sda In Eq. 31, Vz is the volume of the i. 


‘roller; aisa coefficient and Q is the total | discharge (=4q b). 
The difference between the c conjugate and the values for r 


values for re- 
sulting from Eq. 30 is demonstrated by Fig. 25, which indicates that d2 is. 


‘Considerably in in excess of is pri noticeable with an increase 


4 
| — 
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the equation the th must always include the 
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in head. values, however, would tend to become reconciled if were 
by the t use of a . proper coefficient with the value of d; as previously Th 
exc 

To demonstrate the r relation between. values for determined by Eq. od 
and by ™ ail 12. the paper, is 


“aie. 
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ac common n point, , whose are: 
| = mm d's = 7.9 ft. The two curves would be expected to mer 


ritical Depth for di- 


yond this ‘point. ‘Hence, a point int would coincide ¥ with a a break i in the curves. 


Only the curve tenn points at which the roller was washed out of the basin 
for i increasing flow is used. : Points for: d’.-values, as plotted in Fig. 25, naturally a 


fall on the curve for T di = 1 ft for a unit value of d. | _it It may be noted that, a 
ve the d’ values so determined being considerably : at variance | with the 


@rvalues from Eq. 30 for small values of Q ( that is, 


j 
1) The curves shown in Fig. 12 plot as straight lines on semilogarithmic paper. o§ [——_—- 
, They may, therefore, be extrapolated so as to cover depths d’; considerably in RR 
id therefore have 
40 cu ft per sec a er 
rge into one be- 
— 
—io| | | | 
— 
Cos 
— 
a — 
(32) | — 
3 , they ap- — 


ONY 
proach each other with an increase in Q and Ho, and coincide for d’, = 13 ft 
Below this ‘point the model tests indicate that a greater design depth is neces- 
| sary; above this ‘point ‘nes design depth equal to or s _— — resulting 


ept 


th, d2, 
“oe 


D 


ate 


2000 
Fie. Piotr oF FROM Fic. 12 


out of the stilling basin after the get had been aeons to 7. 20 ft, e even 
- for a discharge of near ly 600 cu ft per sec. For such a discharge (Q - = 598 cu 
per sec; = +138; Ho = 70 for ¢ = 1), = 16.1 ft with close approxi- 


sy it amounts | to 8.53 ft 


- 


 Peranxa, 6 Assoc. M. ASCE.— —General studies of the type reported 
in ae paper have been needed for some time. - Designers i in particular have 


Engr., Buresu , Bureau of U.S. of Int Interior, Denver, Colo. 


<2 


P 
‘sei 
de 
Be 
no 
— 
— 5 
100 
; dow 
af apr 
It is apr 
 eury 
met 
The total residual energy due to d2 
_79 _ Lhe initial total energy 
— d be due to the critical depth 
Was: 
— Dy th 
> 
— 
— —— i= 


| September,  PETERKA ON SAINT ANTHONY FALLS 


seized every available scrap of information that would ease the problem of 
aoe gers stilling basins that will | operate for the first time as prototype 


of features. a ‘Unfortunately, in most hydraulic laboratory ‘investigations, it is 
not possible to concentrate on general solutions since funds « are usually : available — 
only to solve the problems for a specific installation. — _ Because of this situation — 
only a limited amount of information is available for general solutions. 
+The author is to be ‘complimented for his approach to a problem that i is 
‘difficult i in many ways. His results, no doubt, will serve the purpose for which © - 7 
. they were intended. However, there will be a tendency for designers to use 
this material for purposes beyond its range of reliability and the intent of this 
B aenensersay is to indicate some of these e limiting factors ra rather than to criticize, 
adversely, the excellent treatment given by the author. 
Oe: The stilling basin operation, indicated by Fig. 6, appears to be greatly de- 
. pendent on the chute blocks, baffle blocks, and end sill. It also appears that 
| the configuration of the movable bed downstream from the “apron had some 
| p effect in determining the length of the basin. © Since at the start of each test 
the bed was molded above the elevation of the apron, there was probably some 
resistance offered to the flow that could favorably affect the performance of a _ 
short apron. Without a high bed, somewhat different action might take 
Bas the result of a different distribution of velocities. ee 
- The stilling basin profiles indicate that for Lz less than about 2 d2 very little 7 
energy i is dissipated on the apron. _ Thus, the basin becomes a distributor rather 
than a dissipator. The high- -velocity flow entering the basin is deflected up- 
oe" toward the surface, and the hydraulic j jump acts | merely to distribute the 
' Gheiamen a greater 2 area with most of the dissipation occurring in the channel 
downstream from the apron. If the energy is not to be dissipated on the > 
apron, the writer feels that it would be more economical to 0 dispense | with the 


apron accessories, ‘consisting | of chute blocks and baffle p piers, and to adop ta 
curved deflector bucket to “throw” the water away from the structure. This = 
method has been used others. A special application of this 
‘type of energy distributor w y on the Fontana Dam spillway 7 
e advisability of relying. primarily on such fragile structures as 
chute blocks and bafile piers for satisfactory apron performance i is questioned 
the writer. If the prototype ap apron is submerged, as. many of them are, 
_ underwater inspection and repair of blocks and piers are difficult. — ‘Ifthe apron 
: “accessories should become damaged or lost, for any reason, the safety of the 
entire structure is sendangered. Asa against undermining the apron, 
it might prove enlightening i in future tests to to determine the necessary depth of 
4 cutoff wall with | some or all of the apron accessor ies removed. The resulting 
erosion pattern would also indicate the importance of keeping dun watch on 
7 the condition o of these same accessories if a deep cutoff wall is not used. Bs 
.e main criterion for evaluating apron efficiency, during the author’s tests, 
bs the extent of the . in 1 the model, ay no mention of wave action below _ 
, it appears that considerable ~ 
The destructive effect of these 
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- _ waves is —— as important as the scour of the channel bottom. - If the basin 


_ discharged into an unlined canal or steep banked stream with | soft or over- 
hanging sides, some type of bank protection would be n necessary. prev prev- 
~alence of high s surface velocities apron, existed, ‘might also 


beofconcern, 


Water Surface 
1 Ft per 


Water Surface 


INVERT CURVE No 2; y= 


\ 4 of Stiting Basin— 


_ No mention was made by the author of any changes in the t transition parab- 
ola during the tests and it is assumed that the same parabola ° was used through- 
hydraulic ‘model studies for Horsetooth Dam outlet. works, in 
~ Colorado (Fig. _ 27), made in the » Hydraulic L Laboratory of the Bureau c of Re- 


clamation under the writer ’s supervision, it was found that the ‘shape of the 
_ parabola had considerable effect on the stability of the hydraulic jump.  Steeper 


= 


28. Basin, HorsETooTH Works (SEE CurvVEs IN Fia. 27) 


(a) Unsymmetrical Jump with Trajectory Curve No. 
' ‘slopes s at the point of entry into the b basin resulted in improved hese efficiency, 


lower waves in the downstream canal, and more uniform velocity distribution 


at the end of the basin as shown i in Fig. 28. Apron accessories were not used in 


tests, supervised by the writer, on the Enders spillway, ‘in 


of: 
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‘the proposed chute blocks, d; in height, was not apparent. "Subsequent 
- testa, and check tests, both with and without chute blocks indicated ‘that, i in : 
: this case at least, erosion was greater with the blocks i in place. - Removal of the 


* Maximum Water Surface ~ 


40.2 Ft 


dz 


115 Ft —— 


the appearance of the operation w when the blocks were | removed. x 
~ blocks, however, did increase the amount that the tailwater elevation could be 
' reduced without causing the jump to wash out of the apron. _ Finally, it was: 
_ shown that the same range ¢ of useful tailwater could be produced by i ‘increasing: 


- the height of the dentated end sill from 9 ft to 12 ft, as shown i in os 29. ‘ 


were not sufficiently tall. the transition profile, the 
is of the chute blocks was relatively short. — 2 Thus, the directional « — 
given to the water leaving the top surfaces was negligible, and the flow con- 
tinued | downward | much as as if the chute blocks were not in place. _ Had the 7 3 2 
[ag basin approach been flatter, the top length of the chute blocks would | 
have be been proportionately longer, greater directional effect to the 
water and inducing energy dissipating eddies to form. = ts appears that, if the 
transition profile is to be varied from one structure to another, the top length 
f fan blocks i is of f greater importance than the block height. — ae 5 
‘The s author’s conclusions regarding the lateral spacing of the floor blocks _ 
ale in good agreement with results of tests made by the writer on ‘Kentucky 
Dam in the Tennessee Valley, a and on some of the lary ger 1 structures s of. th a 
ureau of Reclamation. A good over-all estimate for design purposes is 50%. 
Model tests of certain specific installations 1 may show a a need for i increasing the — a 
block « area n more than 50% to provide flow stability c on the apron, but thisin- 
rease also produces a more concentrated boil. _ Reducing the block area sub- “ao 


stantially below 50% results in less turbulence but so not take full advantage Spas 
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The 45 45° wing wall shown by the author has also proved a satisfactory solu- 


tion to a. vexing ‘problem. In most. stilling basins the erosion below the down- 
stream corners of the basin i is somewhat greater than at any other location, — 


- 


30.—EFFEcT oF BiLocks on THE BELow THE SpPILLWAy Basin, 
Enpvers Dam (45° Wine WALL) 
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water area at each side of basin just beyond | end sill. The water 
_ the end sill is directed upward, inducing a current from the de ad-water area to 
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flow laterally u under the “main flow as | it leaves sill. This circulation 
; results i ine cessi re erosion at the ap apron corners even if surface velocities : appear 


Fra, —Enoson ar AT Apr ON WITH 90° Wine Wau 


special t treatment at the corners 3 of the apron may be necessary. 


cae Louis M. LausHEy,’ Jox. ASCE. -—The results reported i in this s paper lead 

one step closer to the economical design of stilling basins. 4 During 1946 and 

+1947 the writer conducted somewhat similar tests to determine the effects ofa *° 

‘Tectangular end sill on the hydraulic jump in a level, rectangular channel, 
Emphasis wa was concentrated on the tailwater depth required to form a jump, — 
po proportioning of f the height o of sill, and the length of the basin required { to 

accommodate the j jump. Itis interesting to compare the results of these =. 
with a rectangular end sill i ina rectangular ree to those obtained on the to 7 

di ergy. 

The tests on end sills’ ws various heights were conducted i ina 
| flume 12 i in. wide and 40 ft long. _ Water was circulated bya centrifugal pump, 
: and was measured by a calibrated » venturi meter. The depth of flo of flow w was con- 


g ae Civ. Eng. Dept., Carnegie Inst. of Technology, Pittsburgh, Pa. ee — 
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trolled at the upper end of the e flume by raising or lowering a a sluice gate hinged 
to a horizontal steel plate, 6 ft long, to guide the water parallel to the channel 
a ‘bottom. . The j jump was formed on the test s section representing the apron, the 
downstream end of which was 8 ft from the outfall end of the flume. Sills were — 
introduced at the end of the apron. _ Depths of flow were controlled by ran “ 

adjustable tail gate at the end of the flume, and were measured i in open manom- — 

eters. Seven pressure openings were drilled at 2-ft intervals along center 

> 
“stream. n. The s sills were made. of i-in. steel plate, 12 in. long, Ww with heights vary- 
ing from } in. to 5 in. ‘The m maximum dimensions of the flume in the i 


“below the jump were 123 in. wide, 20 in. deep, and 8 ft 


Froude’s ; Number, F 


Undesirable Range, Water — pote 
Directed Toward Channel Bed 
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of Tailwater Depths Required. —Results of the tests to determine 
the tailwater depth required 1 for a | jump in a basin. with an end ‘sill are shown in | 7 
Figs. 32, , 33, and 34. « curves in Fig. 32. are typical « curves for sills 1 
a and 2 in. high, the points having been plotted to show the precision attained. __ 
The ace, values of <2 , are the same ratios as those used in the SAF analy-— 
8 


is but the dimensionless ratio — * was chosen for the abscissa. This is the ratio 


initial ‘depth to critical depth before the j jump, and it is helpful i in visualizing 


‘the flow characteristics at the toe of the spillway. — «Ati is a function of the head _ 
on the dam 1 ” —— of the dam above the water surface on the am - 
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In Eq. 33, Ci is the ne coefficient of discharge; Hi is the head on the dam, 


_ i feet; and hi is the height o of crest above wa water aed on the apron, in feet. 


Eq. 33 has tl thé following: significance : (a) ) When 5  & i 0, the flow i is at critical 
depth and and the height o of the j ee is zero; (6) when : te > 1. 0, flow i is s tranquil 


on no jump can form; and ie saad — approaches zero, the height of the jump > 


‘approaches infinity. However, it ¢ can be shown that is a function of the 


‘Froude number, which was used in the SAF tests, and is equal to: : 


Vi, di, y2 


was therefore iia, except that 


(or F) Lconstant. 1 in Fig. 3 


— permits a reduc- 


height sills, depth ratios for - sills, 1 were obtained 


_as follows: With no sill in place, the inlet valve was opened and the inlet plate ~ 


adjusted to produce a jet of the required initial depth, free from undulations 
and spray. The end. of the jump | was moved to the end of the - apron by ad- 
 justing the tailwater control gate, and the “placing”’ was checked visually and 
% 

by inspection of the depths recorded in the manometer tubes on and below the 
apron. The initial depth and discharge were measured and used to compute a 
theoretical depth dz which | had to check the observed depth at the end of the 
jump. . Without changing the e discharge and initial depth, 1, sills of increasing 
height were placed, successively, at the end of the apron. _ ‘The most accurate 
values of d’, were obtained by starting with too low a tailwater depth, and 

“raising it slowly. When the water was too shallow, a frothy fringe of water 
a formed just below the sill. This fringe” moved upstream as the tailwater | Ww as 
raised, , and disappeared all depths downstream from the sill were the 
game. When the tail gate w was raised too far, the jump moved i ancenaale on 


Fig. 34 shows the co comparison of the limiting curve of tailwater depth ratios: 


to that proposed | for the SAF basin. The variable ratio 3 the parameter link- 


_ ing the main variables <2 and? + whereas this parameter ha has been made equal * 


9.07 07 ir in SAF basin. The ration : 


Values of 
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to reduce the scatter resulting in the plot, but without profit. To obtain a i 
comparison, the actual test points (without a factor of safety) from the ce 
data i in Fig. 11 were plotted as well as Eq. 6b. Results are in close agreement — 

for the two basins, : although the height of the re rectangular s sill for a given value 


a 
de 


Ratio 


which is much higher than the value. 
of 0.85 recommended for the SAF © 
Fs basin. "However, the difference 


“Ress of the blocks at the higher’ 
that could be used safely 

obtained by increasing the height, 


might be explained by the effective-_ 


Fie. 35. oF JuMP To HEIGHT OF 
_ Ratios ror Recraneutar Enp 


constant, until sufficient height was reached to make the sill | begin to 
act as a control. The limit was reached when all depths downstream could a 7 
be made the same be- 


cause of the drop down 

| water was directed 

ward the bottom. 
Comparison of Length 

of Basin.—The difficulty 
expressing the basin: 
length as function 
dy all values of 
was mentioned. 
author when Lp = 1.25 


23s 46 810 60- 
Froude’s Number, a gave results | too short 


the length of (taken to length of 


- jump) with respect to the height of jump as a function of — 


7, gave better than the ratio of = A reduction i in 
dy 

length can be effected byi increasing the sill height, using Figs. 35 and 3 36. This 
is true at the low Froude where an almost 50% 


n, 
4 
uil 
| | | = 
IS Increased, sills larger than U.U/ dz can be used safely without blocks in a 
all : rectangular basin. From Table 4 of the SAF tests, best results were obtained I 
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reduction is possible because of the sill. Referring to » Fig. 36, the SAP basin, 


requires considerably less length, although with high rectangular end sills the a : 


Teng become more nearly t the same. Floor and chute blocks therefore ap- 


pear - to be effective devices in reducing the length of jump. ok pon ie er 


Other Comparisons. —It was noted ‘during the rectangular end. sill tests that . 
boil formed over the sill for ratios of = 0. 32 (equivalent to oF= 30). This 


interesting because i in the SAF basin ‘the roller was washed ou out of of the stilling 

basin when F was less than about 30. _ The , solution was to increase the tail- | 

water depth. © Practically the same procedure had to be ——- 


end sill basin. Inspection of Fig. 34 shows that, with values of 


Fi in this range, , the ratio of *had to be increased to almost unity to create suffi- | 


cient depth to reduce and to —" the e downward velocity —— sO so that 
rigs, would not erode the bottom. 


An attempt | was made to determine the head loss ¢ by the sill. The 
tote al head (velocity head hae dep pth) at the initial and final depths w was com- 
|. The head loss in the jump» 
ured and checked by Stevense equation (36) (37), 


rt 


in tis the percentage of original head lost i in the j jump; ris s the ratio. 
of velocity head to _ depth before the j jump. The difference between the , mea- 


ae loss with a sill and that without a sill was expressed as a ratio of the 


a total head. It was found that the loss increased when the sill height. 


was increased ond when <2 was decreased. _ The head loss due to the sill was" 
‘small, and was never more than 6% of the original head. This maximum loss 
was obtained when — = 0.25 and — = 0.89. 
oe Calculation of the pressure- e-plus- momentum force at the end of the jump 


= will | give : a ‘smaller value than would be « gileiiated at ¢ a section before the j ‘nm, 
_ The difference results from the back pressure of the sill. % Tests indicated that 
- the ratio of the force on the sill to the total force was increased when —— was in- 


ane When the sill, was 20% of ™ , the he ap- 


a7. = 0. _ the force on the sill, representing the error in using the momentum 
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in which (P+ + M). is the force on the sill, in pounds; and (P + M): i is the — 
pressure plus momentum for ce before the j jump, in pounds. — 
‘The author is correct in stating that the SAF basin can Be built, shorter. 
‘than the rectangular | end sill: type. For values of Froude numbers up to © 
F = 30, little difference : seems to exist in the tailwater depth required for a 
The indication i however, that for the higher Froude and 
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Corrections for Transactions: In. February, 1947, Proceedings, on pa page 125, 
in Fig. 1(a) the dimension ‘ 3 +,” change to. on page 134 
be below the caption for. Fig. 7, add “(Correction : Add a point at F = 3. 18 a 


- —- 2.11)”; in Fig. 9(c), the elevation of the point at the end of the wing 


— 0.02” instead “0. 02"; in Fig .15(a), the elevation of the contour at. 
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the en end of the wing -wallis 2” instead of sin Figs. 9, 15, and 16 change 
the ordinate caption to o read “Distance” instead of “Bievation’”: on page 145, in a 

key to Fig. 9 change 10°” SR xX and at _Subcaption (t) 

change “T17” to be ; on page 148, after line 18, add ‘ “(In Fig. 11, the plotted 
es, 4 - points are identified as illows : The triangles refer to tests of the flume outlet 
— the circles to the turbine room series, , and the numbers to the test num- 7 - 
bers. on page 154, in line 35, change the sentence to read “* * sill which 
_ deflects the jet upward as it leaves the basin” ; and, below the caption for Fig. : 


add “(Correction: In n caption (a) R R should be denoting the Reynolds" 
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Discussion 


Hrrasuma,”” Esq .—This paper, which is a valuable contribution to. 
"the literature on slope stability i in that it provides an insight into the mechanics : 


of slope failure, should be of interest to all engineers dealing with earth struct- 


: 7 siderable | literature ¢ on the subject, cited by the author i in n the “Introduction,” "it 
| = isa , phase of engineering science to which 1 ‘most engineers pay altogether too little - 


attention. The subject of slope stability i is one of great complexity involving — 

factors that are indeterminate and not fully 1 understood. One needs only 
to observe the number of slope failures that actually occur to realize the truly ; 

stability | of slopes in cohesionless soil is easy to understand. Slope 

failure in such cases is, as the author concludes, purely a superficial phenom- - 


_ enon, _ Henee, for a mass of cohesionless soil to be stable, it is only necessary 


4 that the ‘side slopes be less than the of repose. is 


Ina a cohesive ‘soil, the is sometimes nes defined** by 


in n which P; is s the hypothetical pressure tan is the. tof 

internal friction. The internal pressure P; acts uniformly in all directions. _ 
“alt his model test, the author uses an ingenious arrangement to impart an 
. equivalent cohesion” ’ toa a sandy mass by applying a a uniform atmospheric pre pres- x" 
a to the side slopes and top. This externally applied force gives rise to a 


. Norse.—This paper by Ek-Khoo Tan was published in January, 1947, Proceedings. Discussion on 
“this paper has appeared in Proceedings, as follows: May, 1947, by Paul Baumann, and Gregory P. Tschebo- | 
_tarioff; and June, 1947, by Jacob Feld, and Earl M. Buckingham. ies _y 

37 Testing Engr., Territorial Highway Dept., Honolulu, Hawaii. 


“Soil Mechanics,” by Dimitri Krynine, McGraw-Hill Book Co., Inc., New York and London, 
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_ Whereas most textbooks give but a single value. In regions subject to earth- aa 
quakes and other such disturbances, important earth structures should perhaps 
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ON SOIL SL LOPES 


cally, if this s shear stress i is sof f any consequence, it should affect the stress distri- 


bution due to the gravitational forces. 


In the present model study it is not possible to reproduce all the conditions — 

- that exist in the prototype. Ana actual earth structure, such as a highway em- 
 bankment, is bonded to the foundation soil—that i is, , there is a certain continuity 
to thes soil mass. ‘Ine model, t the soil mass is necessarily discontinous because of 
the model’s 1 rigid base. The change i in boundary conditions affects the stress 

_ distribution; for instance, it is possible for the circle of sliding failure to undercut — 
_ toe of t the e slope, the so-called ‘Swedish break.” _ For an embankment built 


‘solid rock, that is, sy base, the failure line pass ss thr 


will stand have been interesting if the 
7 4 had given additional data so as to make possible a a comparison with the usual 


cohesion; w vis sthe unit bweight of soil; and is the angle of {inter mal ition. ‘The 


one. method dude Ww otha averages. Thus, if the : stress 
tending to cause sliding f failure is less than the shearing strength of the soil along: 
= 7 % the assumed arc of failure, e, the soil mass is assumed to be safe according to the 
usual rule. _ However, a careful study of the author’s analysis will show that a 
dangerous ceniities may, nevert! theless, exist—that is, certain regions within the 


- soil mass 3; may be so highly stressed that a condition of plasticity prevails. The 


.. gradual spreading of the e plastic zone may lead to eventual failure, and it is well 


to remember i in this connection that the spreading of a plastic zone within a 


large mass of earth is an extremely slow process that may require weeks, 


months, or even years, 


| i actual engineering earth structures, the p: pore > water - pressure!” 41 must be 
pe. . The author does not give any data as to moisture content in any of his 
- experiments. Apparently, it was necessary. to use the sandy material i in a dry 
state in order to control the “ equivalent cohesion” within | narrow limits. 
_ The w writer is familiar with a soil which has a ted moisture content of 
“more than 200%, based on the dry weight of the soil, in its undistur bed state. 
A vertical bank from 8 ft to 10 ft high can be cut through this n material. a | 


Baad will be stable and there will be no drainage of water from the sides, in 


—89**Present Status of Soils Investigations,’’ by C. A. Hogentogler and E. 8. Barber, Proceedings, a - 
‘eae Meeting, Highway Research Board, National Research Council, Washington, D. C., 1939, p. 377. 


**Pactors to be Applied in the of Test Data,” by D. M. ibid., ” 
“Theoretical Soil Mechanics,” by Karl John Wi Wiley & Sons, Inc., New York, -Y,, 
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spite of the content. On the other a highway 
-_. embankment of any great height with such a soil i il is quite a problem, in view of | 
| = the fact that rainfall conditions in the. region where this particular soil is found 7 


are such that drying out the soil is impractical. Bemis zones will readily form = 
he progr essive 


ments. ‘~ However, it is the pore water pressure e that i is the basic cause of these 
difficulties, and the designer must have some idea of how this pressure acts in 


order to arrive at a safe design. Incidentally, in this particular soil a type 


failure occurs that has not been mentioned thus. far. . If for any | reason the 
moisture content of this soil dre ops below a certain 1 critical value, as, for e3 example, 
in times of drought, it turns irreversibly into | a granular sandy mass, and _ 


y 


side slopes will ll fail i in chunks along the surfaces separating the dry mass from 


athe 
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“A LARGE TUNNEL 
‘Discussion 


CREAGER AND STEPHEN H. “HAYBROOK 


would be wise. During the course of ‘this investigation, it 
to estimate the probable friction loss in the unlined part. A search of the lit- 
erature produced very little information. To make matters worse, the ‘pub- 
- lished data reported widely 1 varying coefficients 0 of friction for apparently sim- 
ilar conditions and g gave no clue as to the probable value for the problem at 
a At this point the Aluminum Company of America ma made available data 
-— on the unlined tunnel of its Nantahala project. From these data the value of 
x in the Manning formula was estimated to be 0. 037 for the unlined tunnel. 


‘ments in the Apalachia computed for ranging 
(2.18 to 4.28 
“The Nantahala tunnel had been recently completed i in a rock formation sim- 
to the rock in which the Apalachia tunnel was driven. When it was 
watered after completion ¢ of the unit t test, it. was: inspected by a party o of engi-_ 
neers familiar with the Apalachia tunnel, who agreed that, in so far‘as could be | 
observed, there was no difference in either the surface roughness or the manner 
“the rock broke out in the two 1 tunnels. The estimated coefficient for the Nan-— 
tahala tunnel is ‘slightly lower than that determined for the Apalachia tunnel. 


|The difference could easily have resulted from the fact that the minor losses e 


in a the Nantahala tunnel had to be estimated. 
Unlined parts of the Nantahala tunnel were driven to three different sec- 
tions with nominal dimensions of 12 ft wide by 12 ‘ft high, 14 ft wide by 13 ft 


hh and 13 ft wide by 14 ft t high, the theoretical section i in each case having ? 


5 4 an arched roof with a radius equal to half the width and a flat floor connected 


__ Nors.—This paper by G. H. Hickox, A. J. Peterka, and R. A. Elder was published in April, 1947, 
a _ Proceedings. _ Discussion on this paper has appeared in Proceedings, as follows: June, anid by Weston 


wu Civ. Engr., , Albuquerque, N. Mex. 
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tot the spring | line of the a arch k by vertical iin, ross se sections s of the 1e completed 7 


tunnel were available and from them the average area a and wetted perimeter of ; 
the different sections were determined. The. discharge w was determined from 


nk 


wasmeasured. 


~The experimental values for the coefficient of friction of an unlined 

| tunnel presented by Messrs. Hickox, Peter] ka, and Elder are based on the aman ' 

ured properties of the actual section ‘ ‘adjusted to equivalent circular sections.’ 

This point deserves emphasis. engineer when considering reported values 
of n for excavations which may deviate considerably from the desired dimen- 
- sions should assure himself that the values were determined in such a way as 

to make them n applicable to his problem. SF or instance, assume that th the coeffi- 
cient of friction of an : unlined tunnel 12 ft in diameter was deter mined t using g the 


theoretical properties of the section of the actual. Such a value 


hs efficiency tests, and the head loss between the forebay and the ory ta: 


approximately two thirds of the actual. head "equal overbreak. 


rock tunnels over a a wide range of 
‘Hunter Rouss,! M. ASCE.—Test results that extend the of. 
_ measured data are w elcome i in any field of engineering. _ To the best knowledge 
of the writer , the resistance measurements presented by the authors of this 
factual paper go well beyond the available information in two respects. — First , 
the Reynolds numbers are nea: nearly a full log garithmic a higher than those of 
all but a few isolated measurements on large conduits. | Second, the e absolute 
roughness of one series far exceeds | that of | boundary surfaces generally con- 
_ sidered in the roughness category. ith this apparent t two-directional enlarge- 
| ment of the resistance field, several checks 1 upon the matter at once suggest _ 
| themselves. Are the new results in accord with present knowledge of this 
problem? If not, do these results indicate errors in present knowledge, or is 7 
such knowledge ‘sufficiently sound to disclose inaccuracies in either the data or a - 
In 1942 the writer showed?® that the best available re resistance measurements 
ter a wide variety of new and old co omn nercial pipe appr "Ox cimated the transition 7 
curve of | C. F. Colebrook: 


at 


= 174 - 1418, 

On the basis of this analysis, the writer prepared a general resistance diagram!'®:”! 

“permitting solution for either V c or h; for (presumably) the flow of any fluid at | - 

any speed through any size of conduit having a surface comparable to any one 

of those for which data were analyzed. In this diagram an asphalted surface o> 


. ats 18 Director, Iowa Inst. of Hydr. Research, State Univ. of Iowa, Iowa City, Iowa. = = ~~ a 
19**Evaluation of Boundary Roughness,” by Hunter Rouse, ad “Hydraulics Conference, 

| Studies i in Eng., Bulletin No. 27, Univ. of Iowa, Iowa City, 1943. as 

20**Turbulent Flow in Pipes, with Particular Reference to the Transition Region Between ‘the | 

and Rough Pipe Laws,’”’ by C. F. Colebrook, Journal, Inst. C. E., London, February, 1939. 

__ 4t“*Elementary Mechanics .- Fluids,” by Hunter Rouse, John Wiley & Sons, Inc., New York, N. Y., 
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was as having a an equivalent roughness of k = 0. 005 i in.; a concrete 
J surface, of k = 0.1 to 0.01 in. The authors’ ' values for the e asphalted and ¢ con- 
linings were 0.0035 in. and 0.04 in., respectively. ‘They writer’s diagram i in- 


* 
cluded no relative roughness values higher than k/r = 1/10, however, for two 3 


reasons: First, the effective diameter of a very rough conduit is difficult to | | 
define, both practically and theoretically ; second, boundary irregularities having 
= a greater relative magnitude than approximately one e tenth « of the radius b begin 
to > represent cross-sectional constrictions rather than surface ‘roughness and 


= 


cannot significantly be discussed in the ‘same terms. The maximum value 
listed in this is about one sixth. 


of — 


/ ke 


—2 log r, 


r 


| 
= | 


5 _ ments to two ‘primary features—the variation of f with R, and the variation Ds, 

n with ‘The former, with Fig. 10 the corresponding exhibit, shows little 


; 4 the actual relationship of the three series to existing generalized treatments; quan 
nevertheless, the res resulting values of k for the assumed | limits of the apparent data 
transition curves are Portrayal of n as a function of R, furthermore, 
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is hardly consistent 
eter or with the au authors’ evaluation of ‘k, for m most. assuredly showing how | kk 

(neither more nor tone a ties parameter | than n) varied with R was not 


‘cae As has long g appeared evident,” whether the resistance of a conduit boundary © 
is ‘dependent on or independent of (Ris is governed by whether the zone of - 
od laminar flow at the boundary, (that is, the laminar sublayer, for which | the | 
nominal thickness 6’ is equal to 65. 67r/R f7 ) encloses and thus renders the 
surface — ities ineffective, or is itself disrupted and thus rendered ineffec- 


: a word, whether the wal behavior i is smooth or | 


(a) Non-uniform sand 
Curve (6) Commercial pipe 


-| Curve (c) Rough 
Curve (d) Uniform sand 
(e) Smooth 


A Apalachia bituminous: Jined steel 
Apalachia concrete-lined tunnel 
rea C unlined ‘ tunnel 


MTA Previous EXPERIMENTAL RESULTS 


rough depends on whether the ratio k/ is, respectively, much less or r much 


(R 


__2“*Modern Conceptions of the Fluid Turbulence,” Hunter Rouse, Transactions, 
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| 
TH 
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its; ommon denominator of relative viscosity-versus-roughnes 
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sand 


curve (d) of Fig.13. Extending this study to the conlition: of 
sanded surfaces, C. F. Colebrook and C. M. White* obtained a gradual dis- 
placement of the transition function with i increasing ‘nonuniformity; ¢ curve (a), num 
‘Fig. 13, represents the limiting one of their series. Since most natural rough-_ sa 


such surfaces should lie between these limits and yet begin at a far lower value even 


of k/é’ than that for uniform surface irregularities; this condition is is eatisfied by | “not P 
Colebrook’s function shown in Fig. 13 by curve (b). eithe 
Data ‘a, previously analyzed by the writer!? and reproduced in Fig. 13 include 
new and old pipes varying f from 2 in. to 723 in. i in diameter and fabricated of 


such materials as galvanized - iron, w rought iron, east” iron, tarred cast iron, 


_ nesses are essentially nonuniform, it it is reasonable that the transition curve for - indic 


= ~ spiral- riveted steel, and wood d stave. The three series of the authors’ data are fo p 

likewise reproduced, using the values of k given i in Tables 4 4,7, and 8. 
once evident that the zone covered by any one series is very small = ; desig 


Bs with that encompassed by all three; also evident is the departure of the | data - of th 
= Ss from. the trend of the general transition between smooth and rough boundary ofaec 
behavior. In fact, the data for the bituminous-coated : steel pipe (area A), when 

- _ reduced to the proportions of this plot, no longer indicate a significant trend, 


Ait 


‘a - and the centroid of this area is s well below the > general function. — A trend of the efficie 
data for the concrete-lined tunnel (area B) | is more ‘apparent, but is not in It oc: 


hin agreement w ith any of the earlier functions; the centroid is likewise low. 


Finally, the for ‘the unlined rock tunnel (area C) are so far beyond the 


~ range of viscous action on (note that k is some six thousand times s the computed 
8 _ magnitude of 6’) that the slight downward trend probably has no significance. 
, aa From this comparison it may be concluded t that the authors s’ method of 

a" evaluating the relative and absolute roughness i is s generally ‘unreliable. — If the 
cent of the unlined tunnel data, with a value ¢ of f = 0.099, is used to o deter- 
mine the relative roughness from the limiting ordinate 1.74 | of the 2 ane 
_— funetion | (curve (c), Fig. 13), this will be found tobe r/k = 5. 3, for which . k= 

in., as ; compared with the authors’ values of r/k = 6.17 and k = 22 in. n. If he 
7 contanid of the concrete lining data (f = - 0. 0123) is likewise used, it w ill be 
found that r/k = 4, 300 and k = = 0.025 i in., in distinction to the authors’ values 
of r/k = 2,690 andk = 0. 04 in. 1. Since the bituminous lining data, on | the s other 


hand, lie well within the zone of viscous influence, it is necessary e either to locate | 
Sapte centroid on a general resistance diagram (such as that prepared by the 


~ 


writer from the Colebrook function’? ‘A and read r/k directly thereon, or to 
solve Eq. for the same conditions by the process of trial and error. 
= result will be r/k = 170,000, for which k=0. 00063 in. 7 These values difer 


considerably from. the authors’ ‘selection of r/k = 30, 900 and kK = 0. 0.0035 in. 


There i is ¢ 2 comparable difference between this value of 0.00063 i in. for the 18- it 
e. bituminous-lined steel pipe and the average of 0.005 in. previously determined” 


by Fran 


283, 
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“Experiments with Fluid-Friction in Roughened Pipes,” by C. F. Colebrook and C. M. White, 

_ Proceedings, Royal Soc. of London, Vol. 161, 1937. 
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for asphalted cast-iron pipe — from 4 in. to 5 ft i in diameter, which may 
be attributable to the effect of pipe joints and methods of surface application. 

Although the discrepancies between the authors’ and the writer’s 
Pion are small in two of the three cas cases, it i is the general mé method rather than the . 
numerical results which the writer seeks to emphasize. In no way, however, is. 
it sought to disparage contributions of this nature. Vv ariations such as those — 
indicated by the authors’ | data. have been the rule rather than the exception, 1, 
even it in apparently well- -controlled laboratory experiments. _ Although one el : 
“not. expect to duplicate labor: atory results under field conditions with respect to 
either accuracy or over-all range of Reynolds numbers, field corroboration | of a 
laboratory analyses are fully as essential as are final acceptance tests for any 
hydraulic design. . The : authors are therefore to be heartily , commended for 
their effort t to ) provide s several al links in | the necessary chain of field evidence. — The 7 
"particular n merit of the y paper as a whole is twofold: First, it gives a clear indica- 
tion of the desirability of preparing for prototype tests of this nature during: the 
design of every large installation. 8 Second, ‘it gives a an equally clear indication a 
of the degree of accuracy which may be. expected i in predicting the performance | 


of a conduit; surely the use of more than two significant digits is still quite futile. 


Kart R. Kennison,* M. ASCE.— Much valuable information on co- 


efficients of flow in large diameter tunnels has been assembled in this p: paper. _< 
It occurs to the writer that it will be interesting and instructive to compare . 


this information with that obtained in actual operation over a . period of years 
on the Quabbin Aqueduct tunnel built by the Metropolitan District Water 
Supply Commission, *in Massachusetts. ~The great length o of tunnel, 


‘time obviously contribute much to the accuracy of the data nail the precision © 
with which the results can be computed. For example, since the filling of 


— 


Quabbin: Reservoir was started late in 1939, the aqueduct has been 1 used for 
into Wachusett R in the following 


anuary 27 


- tunnel is operated as a pressure tunnel. | It was constructed 2 
horseshoe-shaped grade tunnel, since the internal we water pressure is less 


a Chf. Engr., Construction Div., Met. Dist. Comm., Commonwealth of Massachusetts, Boston, Mass. 7 


 _8'The Metropolitan District Water Supply Tunnel from the Ware River to the Wachusett — 
by Frank E. Winsor, Journal, Boston Soc. of Civ. Engrs., November,:1932, p.461.. = | 
__ %“*Boston’s New Metropolitan Water Supply,” by Frank E. Winsor, Civil Engineering, June, 1934, a 
Boston Metropolitan Water Supply Extension,” Karl 1R. Kennison, Journal, New England 
Water Works Assn., June, 1934, p. 147. 
*“*Ware River Intake Shaft and Works,” Karl R. | Civil Engineering, 


1934, p. 388, — 
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not true for a short distance at the 
length of 500 ft next to uptake shaft 1 was as a 
—_— 12 ft a in. in diameter, with the lining grouted against the ledge to 
prevent leakage from the tunnel under the full head of Quabbin Reservoir. 
This head is effective throughout the entire length of the tunnel as far a as the 
outlet control gates at the top of shaft 1. Another section, 200 ft long at the 
i extreme westerly end next to the Quabbin intake shaft (shaft 12), was s similarly - 
: “" constructed as a circular pressure tunnel to prevent e excessive leakage from the 
ee into the tunnel whenever the latter is unwatered for inspection | pur- 
poses by inserting stop logs at shaft 12. — With these two exceptions, the horse- 
shoe section is maintained throughout the entire length of 129, 413 ft eae ; 
downtake shaft 12 and uptake shaft 1 . These lengths of tunnel rep- 
\% - resent a small percentage of the total and furthermore have the same cross- 4 
ar sectional area. Hence, the fact that these end sections have a slightly greater 
0 The width of the tunnel i is i ft 0 ix in. . between vertical side walls; t the height 
is 12 ft 9 in. from invert to crown ‘The: cross-sectional area is 127.6 sq ft, and 


hydraulic radius is 3.03 ft. Flow is unobstructed except as follows: 


(a) The downtake waterway in in shaft 12 i is about ‘115 ft deep : and i is crossed | 
_ by numerous struts spanning the openings in which stop logs and screens ‘are. 
placed. Ordinarily water is drawn from the upper intake, which permits free 
entrance from the reservoir for a a depth of nearly 50 ft from the surface. - Water 
_ drawn from the lower intake must rise through an a: shaft before turning — 
im) Shaft 11-A is an n uptake shaft for | diverting flood flows from the Ware 
River into -Quabbin I Reservoir; hence, there is a large opening in the crown. 
© ‘At the t bottom of construction shafts _ 11, 10, a 6, 5, and 3 there i is a 
sizable re rectangular | opening in the crown and a large sump in the invert.  - 
2: — d) At the bottom of shaft 9 there is a central pier 18 in. wide, i in addition | 
to large openings in the crown for access-and for placing emergency y stop logs. 
in the two 4-ft 9-in. bays, and in addition to the invert sump. . There are wa | 
a + two low racks 4 ft 6 in. high in each of the two bays for the purpose of catching 
a any debris that may ‘roll along the invert. . These racks are constructed of 
7-in. flats, 3 in. centers. . They are placed there merely | because the access 
nto Wachusett Reser- 
voir. The net cross-sectional area m may well taken as from about 110 to 
Tes * Ata point between shaft 9 and shaft 8, there is a 12 ft-wide . central | pier, 
bo _ which was left after the removal of a heavy steel bulkhead behind which the 
Set end of the tunnel was constructed while the Wachusett end was first 


operated for from the Ware River to Wachusett 
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enlargement in the area as we 


a 


oS 


: 


ae 


= @) At the bottom of shaft 4, there is a central in. wide and ¢ the she 
The net area is 108.5 sq ft. No racks 


ay (hy At shaft 2 


Shaft 1, the uptake shaft to Wachusett Reservoir, a 144-in, 
by 90-in. - venturi meter, by which all the flows are measured. At the top,a | 
branch extends horizontally through two 6-ft control valves i in series and onl 
under water into a through a 5-ft 5}-in.-diameter end nozzle 

. The nozzle crown is is 3 several feet beneath 

"4 
‘the is pushed in large eddies, which flow back around the 
nozzle i in such a manner that the static head i is practically zero at the nozzle 


crown (El. 388.2). 


aa By the su summer of 1943, Quabbin. Reservoir ‘had filled to within 30 ft of the 


‘flow line and a | continuous draft was made for about a month under. conditions| a 


of steady uniform flow. On September 3 of that year, fifteen readings were | 
taken, at 1- -min intervals, of the water level 1 in a well connected to the bottom i 
of shaft 12. _ The ong level was El. 494.16; the maximum departure from 


the mean was 0.35 ft. It was estimated that 0.72 {t should be added to this 7 


hi 
pressure gradient to obtain the true energy gradient, allowing for velocity head 
and some downstream loss on account of the bend. 


a. On the same day, about 1 hour earlier, ten readings were taken, at 1- -min 4 


¥ intervals, ¢ of the water level in shaft 9 . The av average ge level was El. 466. 29, and 
Q the maximum departure from the mean was 0.09 ft. It was estimated that the i 
true energy gradient, including velocity head, was 467.29. _ Hence, the loss of 
head in the 47 098 ft between shafts 12 and 9 was 27.59 ft, which is ‘cotimated 
to be reduced to about 27.3 ft by miscellaneous minor losses occurring at the 
<< Four hours earlier on the ‘same “ed fifteen readings were taken, at 1- min 
the maximum. departure from the mean was 0.20 ft. was that the 
true energy gradient, including velocity | head, was 424. 29. es Hence, the loss - 
“head i in the 72,413 ft between shafts 9 and 2 was 43.00 ft, which is estimated to 
be reduced to about 42.0 ft by miscellaneous minor losses occurring past the pier — 
- between shafts 9 and 8, and at the other : shaft bottoms, including somewhat 
4 less than full recovery of velocity head at the downstream end of the ; piers at 
shafts 9 and 4. Hence, the slope of the hydraulic gradient was 0.580 per 
the same 2 as that in the other stretch upstream. Continuing this 
same slope for the remaining 9,902 ft to the bottom of uptake shaft 1, the - 
- computed energy gradient at that point was El. 418.54, and the difference or a 
: loss from. this point to the crown of the nozzle in the stilling 1g chamber, El. 388.2, 
_ Was 30.3 ft. a Of this total, 21.4 ft represented velocity head at the discharge 
“and We about 8. 9 ‘ft for all the losses i in the shaft, 
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writer on a 1 a number of other occasions as 


med?, which has been checked by 


In writing a convenient expression 
of the loss as a function of the rate of 
flow, the use of the exponent 2 is justi- 
fied because of the narrow range within 
rate fluctuates. The loss 
getting into the tunnel from Quabbin 
Reservoir and in the downtake to the 


bottom of s haft 12 is “estimated from 


excellent data to be 0.0000100 mgd? with — 


dr aft from the “upper. intake 0. 0000160 
mgd? with draft from the lower intake). 


he are as follows 


Head, in 


Reservoir to bottom 
shaft 12. 0000100 


= 


0. 000343 0.000345 


erence to the inherent. accuracy 


_ Precision ‘caused by the great length o of 

the tunnel, ‘note that : it takes as much as 

11% uncertainty in the determination 

of miscellaneous losses to to correspond to. 

. 1% difference in the rate of flow. Based 
‘on this fairly accurate determination | 

7 of these miscellaneous losses i in terms of | 

the rate of flow, the data for all the 

4 long runs have been tabulated and used — 

to determine the probable ¢ coefficient, 
as shown in Table 12. - The change in 

reservoir elevation during any run is 

i small and at so “uniform a rate that no 

appreciable error is introduced in ob- 
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steadiness of the rate of flow. Although infiltration of as much as 3 mgd has" 
: been noted just after unwatering of the tunnel, leakage under actual operating — =. 
conditions at full head is considered negligible. 
The losses in Col. 6, Table 12, are for drafts — upper intake in the 
_ case of the last two runs, in 1946 and 1947, and from the lower intake in he 
¥ previous years. _ In the case of. run 2, however, the upper intake was also open 
providing free access and approximately the same head loss” conditions as 
_ normal draft from n the ‘upper it intake at the later high 1 reservoir levels. — Col. 12, 
is based on depth observations in the reservoir in front of the intake. 
For convenience, the data in Col. 13 were read from the writer’s Seapaen 


those i in Col. 4 from the - Hazen-W illiams slide rule. 


improvement in immediately following a long of 
flushing out at these high velocities. It should also be pointed out that there 
isa tendency for air to enter aqueducts of this type and to be carried along the : 7 
crown. | ‘This results in an appreciable lubricating effect, the actual hydraulic 

/ radius being somewhat greater than the theoretical and the roughness being 

actually somewhat greater than indicated by using the theoretical radius. 

Such differences, however, are wey slight. 


E. J. K. 39 Assoc. M. ASCE. —The results ta in n this p paper 


are re of considerable value and the authors. are to be commended for their « careful 


a 


adit, ‘the indicate a variation sn from 0. 0122 to 0.0136 


as the velocities increase from 3.8 ft per sec to 12.6 ft per sec. This variation 
in n is large § and seems much ‘greater t than could have been anticipated, especi- 
ally i in view of the careful manner rin which the tests were co! conducted. ~Man- | 
ning’ s formula hasbeen well tested in the past in many large tunnels and a 
| "proved reliable, and the values of n determined for any given tunnel are usually — 
‘more consistent. In addition to the variations of n, the top value of 0.0136 i is 
considerably higher t than would have been n expected from the descriptions of the 
M -eonerete surfaces given in the | paper.. In fact, in the section between Turtle- 
town Creek and McFarland adit, a value of 0.0138 was reached and maintained 
‘a It is interesting to note that the value taken for a design basis*? was 0. 0130 
and it Tight well have been hoped that a better value than this would be 
obtained, especially before the tunnel had seen any service. 
x The writer is closely associated with James Williamson, who has done much > 
work on the underlying causes of frictional resistance created by turbulent flow 


in pipes.*! In the manuscript an Paper, Mr. Williamson 
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Smart, and A. A. Meyer, Civil Engineering, October, 1943, p. 465. 
oD- “Considerations on Flow in Large Pipes, Conduits, Tunnels, Bends, and Siphons,” by James William- oe in 
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touches on ‘the special conditions occurring in very pipes with very” 


expecte 
where the pos independent of the velocity. In such cases the frictional : 


~ resistance is expected to be higher than that given by calculations based on 


— 


in 


Apalachia 18- ft-diameter -conerete-lin -lined tunnel has an R/k-ratio of 
~ 2,690, or possibly higher. This ratio brings” the tunnel into the spiral flow 
: - region, and a further unusual feature of the tunnel i is that the section is circular, 
horseshoe shape would tend to maintain axial 
hed From these considerations, the writer feels that the probable explanation of / 
the surprisingly high » value of Manning’s n is due to the fact that spiral flow has” 
developed, especially at the higher velocities. 
It is noted from the description of the design of tl the project® that the 
= Ocoee No. 3 ‘project included a h horseshoe-shaped tunnel of somewhat — 
smaller diameter than the Apalachia tunnel. _ Presumably the workmanship 
=. and finish of the concrete surfaces were similar i in n the two projects. If so, the 
~ Ocoee tunnel, in - view of its smaller R/k-ratio i in ‘conjunction with its horseshoe 
_ section, , would probably not present conditions for spiral flow. Thus, frictional ; 


— loss would be e expected to give a more constant and generally lower value of — 


The authors do not publish any | data on n Ocoee No. 3 in their ‘paper, but. 
possibly s some tests were made even if these consisted only | of recording the 

surge tank water levels at steady flows, from which, with suitable allowances, a 

d calculation c could be made of the v whole loss from reservoir to surge tank and a 
value of n could be determined. If so, it would be extremely interesting to 

disoover if the writer’s supposition is borne out by an an apparently | lower value 

‘ Probably the only positive ‘method of determining whether spiral flow does 
“occur at Apalachia would be to make pitometer traverses on two or more — 
_ diameters of the 18-ft pipe ye and plot the velocity distribution. The 1 velocity — 
contours would clearly indicate whether flow is symmetrical across the whole 
iv a diameter or not. A suitable place to install appliances for taking : these traverses 

Pee "appears to be at the 16-ft-diameter steel pipe crossing over Turtletown Creek. 
Unfortunately the contraction frc from (18 ft to ‘16- -ft diameter a short distance 
a upstream will apply an energy effort c causing reversion toward uniform velocity, © 
and one could expect at this place only a slight residual indication of spiral 

flow. Better results would be nen if it “ re possible to n make the n measure- 
ments, on an 18-ft-diameter section. 
It is not often that an opportunity occurs to a large-scale effect 


Pie be determined by laboratory experiment, but the writer feels that such 
& an opportunity exists in the two tunnels referred to and strongly urges that, in 
Ea the interest of hydraulics, the hydraulic engineers of the Tennessee Valley i 
Authority should re-examine the test results for the ‘two tunnels and make 7 
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The pertinent are: 


(1) Does Ocoee No. 3 tunnel, = presumably similar | surface conditions to 
those in show a lower coefficient n by the ‘Manning 


formula? 


7 (2) Does spiral flow o ecur in the Apalachia tunnel and not in the Ocoee No. a 


2M. ASCE. —In this ‘carefully, conducted series of experi-- 
—_ the authors have invaded a size range for circular conduits 3 flowing full 
n which very little research has been done previously. _ The. results deserve” 
reful study and frank discussion by all engineers interested in the | -develop- 
ment of better pipe flow data. 
a Because ‘of the complexity of the layout, the precise » allocation of losses to 
particular reaches of line is not simple, but the complexities are fully presented 
and the e method of allocation i is explained i in detail. The considerable lengths — 
of the various reaches contributed to dependability. 
It is noted that the reduced data are compared both with a “conventional” — 
formula (Manning) and the more recent Reynolds number formulas. . 
comparison is particularly appropriate because of the efforts being made to 
unify practice and theory in pipe line design. wes 
‘The earliest and most fundamental of the formulas used for computing 
resistance to flow in pipe lines are those proposed by Chézy and Darcy. ‘These 
’ formate are not independent, but are transposable, either into the other. _ Any a 
- table or or diagram for finding the coefficients in one of them can be made to o yield 
the coefficients for the other simultaneously. Any difference in regard to 
¢ convenience of 1 of use is inconsequential. © The Dar cy equation has the esthetic — 
virtue 2 of being g nondimensional, for which reason it is preferred in mathematical — _ 
discussions. Auxiliary methods are required for finding the coefficients ients in 
each oftheseequations, 
Supplementing these two basic equations are the conventional Kutter, 
Manning, WwW ‘illiams- Hazen, Scobey, and othe other formulas. The Kutter formula) 
is s used for finding the Chézy ¢ coefficients ; : and, although it is primarily adapted — a 
to open channels, at times it is applied to pipes. The Williams-Hazen and the 
Scobey formulas are exponential in form and are considered applicable only to a 
4 
aa 


ie} 
= 


“pipes. The Manning formula also is exponential and usually is so em ployed, 


but is occasionally used for determining the » Chézy coefficient—for both open 


we 


and closed conduits; 
All these formulas are empirical, applicable to water r only, and may te 
nfidently adopted only within the range | of experimental verification. - Much — 4 
ork has been done on the development « of rational flow formulas for the flow 
f all fluids in all pipes. Definite progress has been made, but com mplete | co om 
_~ between laboratory and field experiments as well as between on a a 
and designing office practice has not been accomplished aa If the new formulas a 


are to be applicable to all kinds of fluids, it is essential that they take ae 
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account the e effect, of ‘viscosity. This effect is introduced through the Reynolds 
number, R. (All nomenclature is identical with that used by the authors unless 
oe otherwise noted.) The dimensionless factor, f, in the Darcy formula (Eq. 1) i is 


used as the other variable; hence, these new equations will be referred to as the 


C: Cs =24 


not 
tan 

=, 

one important ‘collection n of data, is illustrated i in Fig. 14. 


This group of curves covers the full range of pipe flow conditions up to R = 100,- 


000, 000, passing | from laminar flow on the left through a transition zone to a 


of complete turbulence in the u upper right- hand part of Fig. | 14. Laminar The 
flow has no connection with | the data reported i in this paper and need not be 4 ‘ turb 

There are at present three (f—R)-equations within the turbulent range Wate 
bidding f for “acceptance, each i in its particular field. The most t thoroughly sub- § appl 


of these is. the smooth pipe formula the authors to 


The accuracy of Eq. 8 for the flow of water or air through | glass or 
pipe was experimentally substantiated by T. D. Stanton and T. Pannell for Pipe 
values of R up to 500,000.% Its conformity to flow in larger pipes and in other for sr 
types of surfaces has reasonably well ‘substantiated by others. Ini 1939 
Be C.F. Colebrook published a a diagram showing the applicability of this equation _Vereine 
‘3 4 aes ne ‘Similarity of Motion in Relation to Surface Friction of Fluids,” by T. D. Stanton and T. F. Pannell, _" 


ee. a Transactions, Royal Soc. of London A, Vol. 214, 1914, p. 199. 
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i linings; he showed i its applicability to an 18-ft concrete- 


4 Eq. 8 is presumed to apply to all fluids and is doubtless accur 
‘smooth s surfaces beyond all practical will subsequently ap- 
= ‘pear, flow i in even moderately ro roughened pipes seems to fo llow this curve for 


limited valuesofRe 
The smooth pipe curve, Eq. 8, plats as a single linein Fig. 14. It thus serves 
“merely as a boundary | for an unlimited ‘multitude of possible flow conditions for 


which other formulas are required. Eq. 6, likewise reasonably well es established, 
| is applicable to flow conditions in the zone of complete turbulence, the — 
hand part ¢ of Fig. 
4 Data s substantiating the applicability of this equation to smooth see 
Toughened by ‘uniform sand g1 grains glued to the interior surface were published 
by J. Nikuradse in 1933. — The results of these experiments classified as to 7 


the ratio of sand grain siz size (k) to pipe diameter (D) are shown i in Fig. 14. (The e 


a Nikuradse data were transferred to Fig. 14 photostatically. _ The results are 


| accurate enough for present purposes, but not necessarily exact.) It will be | 
= — noted t that the plotted points follow the smooth pipe curve for varying dis- — 


tances, depending o on the relative roughness (k/D), then | pull away, continuing 
‘downward for a distance and finally rising to a constant value of 4 Beyond | 
this is point: the (f—R)-curve for any specific value of k/D i is Eq. 
gives the vertical distribution of the horizontal parts of these lines. 4 
The points. at which the platted data assume horizontal directions are not 


sharply: defined, but are delineated | bad curve A-B, Fig. 
the equation of which i is 


region to ‘the right of, and above, this line s the complete 
turbulence. _ Within this zone, viscosity has no effect on flow and, for a given | 
pipe, values of Darcy’ sf f and ( Chézy’ s C are constant; they are the same for gas, 


water, gasoline, hot or cold crude oil, or any - other fluid. - Within the 1 range of 


applicability of Eq. . 6, a diagram of the complicated form of Fig. 14 is junneces- 


“sary. ~ Values of both f and C can be taken from a simple diagram or table. 
Unfortunately, large percentage of the flow problems encountered 


do not fall within: this r range, but lie in the transition zone. If it 


. could be shown that all rough pipe flows follow the form of Mr. Nikuradse’ s 
experimental data, , it would be on the s side of safety (although r not necessarily 


economical) t to ignore the dip s shown by him in the transition zone. All rough 5 
pipe for all purposes then could be designed in accordance with Eq. 6, except 
for small values of of R for | which the smooth pipe formula, Eq. 8, controls. rols, 7 


te _ %“Gesetzmiissigkeiten der turbulenten Strémung in glatten Réhren,” by J. Nikuradse, Zeitschrift, 
Vereines Deutscher Band 77, 1933,p.48. 


of Turbulent Flow,” by. Boris A. Bahkmeteff, Princeton Univ. Press, 
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+f = owever, other experimenters have found that pipes es with natural roughness 
follow a different law in the transition zone. There appears to be a continuous | 


_ upeurve toward the left, rather than the dip found for the sand- roughened pipe. 


After analyzing available data, Mr. Colebook proposed a a formula ¢ covering flow FE 
in n the transition zone and in the zone of complete turbulence 


(#2 
7+ 
Bq. 103 is aseieiiaie to the smooth pipe curve on the left (in Fig. 14) and to the 
“Rint curves on the right, and i is offered by its proponents as a universal 
- rough- -pipe flow formula. — It is not as formidable as it a appears to be. Ih fact, 
a is readily adaptable to presentation by diag 
with Eq. 10 are lack of final assurance of correctness within the transition zone 
= and lack of an established set of values for k. The relation of the Colebrook 
curve to the Nikuradse data i is shown i in | Fig. 14. ‘Iti is not convenient to : — 
supporting the Colebook on this diagram. 


by laboratory experiments. “The conventional formulas are 
and depend for support largely on 1 field tests. La . Field tests cannot be made with 
laboratory precision, but a multiplicity of comparisons should show a common 


: trend. ~ To date this has not been demonstrated to be true. ». Curves based « on 
experiments frequently cut theoretical curves, a fact that 


needs explanation; 
Rh: The authors’ data are platted in Fig. 14 to » show their general relation to the . 
(f-R)- equations s. This platting does» not replace, but s t supplements, the 

2 platting i in Fig. 10. Points for the tar-lined steel pipe conform to the 


‘smooth pipe curve out to R = 10,000,000. _ These points lie too far from the 


zone of complete turbulence to give a definite indication of the final \ value of ke 
If it is assumed that an extension of these experiments would follow the Cole- 
br ook trend, then a value of k/D somewhat less than 0.00001 might be antici- 
pated or, say, a value of & less than 0.0002 _ On the other hand, if it is 

<4 anticipated that these points will follow the Nikurades trend, rising to a maxi- 
any mum of 0.00002 or 0. 00008 1 in the e vicinity of the line A-B, the value of k would 
be about esate 000s ft. The authors arrived at a value att 0.0035 in. or about 

e ~ These tes do not justify the drawing of a conclusion as to the precise value 
2 of k for this type 2 of pipe, e, but they do illustrate the necessity for  Stemining, 
whether flow in such pipe follows the Nikuradse o or the Colebrook trend. ~ 

The points for the cement- lined tunnel are more consistent. within meni 
selves than those for the steel pipe. | _ They cross the curve A-B and appear t to 

3 level off at about ‘A/D = 0.0002 or, say, at a value of & somewhat less than 


ae * ong ft, which « conforms to ~ authors’ value of ke =0. 04 in. It will be noted 
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be noted from Fig. 11 that these data also are at distinct variance with the _ 
Manning; formula, which suggests that a critical 1 review of why these points fall i 
as s they do may add ‘something to the over-all understanding of the pyoblem. 7 
‘The points for the unlined tunnel are more consistent among themselves 
than would be expected under the circumstances. They are platted in the 
<a 4 hand corner of Fig. 14 and are far within the zone of complete — 
2 “turbulence. 4 _ Consequently, they might be expected to to lie ona 1 horizontal | line; 
they are distinctly inclined. Their combined center of f gravity 
slightly below the k/D = 0.10 line as determined by Eq. 10 or 6. . The corre. 
‘ _ sponding value of k appr roximates the authors’ estimated value of 22in. Also, | 
as revealed by Fig. 12, these | points show a definite trend a away from a constant F w 
Manning’s- ‘Strangely, conform n excellently to the Scobey steel pipe 
, formula for a coefficient C, = 2. A Of course, this value of C, is entirely out-_ 
side the re range for which Mr. ee s formula was proposed and tested and the a 
- Scobey formula has no analytical correlation with the rough pipe law; hence, on 
this conformity « contributes nothing to the solution of the general ‘problem. e 
Again, a critical examination of why | these platted Points fail to follow the ex- 


» 


ASCE. —Some excellent. experiments to determine the friction loss coefficients 
in several types of conduits have been described by the authors. The writers _ 
desire: to discuss the | 
“results as as applied to rock-— 
lined t tunnels, about which 
there i is, relatively, 
dearth of information. 
The writers” have ad- 
that, for consist- 
eney of records, tests on 
open conduit losses be tab- 
ulated by the Kutter > 
d tests o on closed 
conduit losses” the 
for general where in Cu Ft Ft per sec 
cial formulas, such asthe 
been devised for special types of conduits. 
.. ith this in mind, the writers have tabulated i in eld 15. 5 by a oy line, the 


Williams and Hazen C=49.3— 
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Hazen- Williams: 
ee ~ 


deviation in is only 2. 5% and the corresponding 1 in 
is only about 1.5%. Based on! similar comparisons f for other unlined rock tun 3 


4 nels, the rock surface trimming in the . Apalachia tunnel was well done, it being 
the opinion: of the writers that a Hazen-Williams C = 50 is about the. best 
which can be and that 45 is isa safe value for for conditions. 


ine , 1947 , Proceedings, on page 4 464, change 
the heading « over ver Cols. and 9 fro’ om “Coefficient cB” “Coefficient Cp. 


tm 
, the same data calculated from 
— 
|. 
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Discussion 


By MENSCH, FREDERICK S. MERRITT, I _ OESTERBLOM, 


THOMAS | ad KAVANAGH, A. FLORIS, AND TAO KING 


MENSCH, 7 M. ASCE. —The method of balancing end moments— 


* 


were for des by the. for mulas 


bers were former! 10 


turn of the century, and as. since many nit codes, for 
the cases of very long st spans, for which engineers of mathematical ability used 
Clapeyron’ s theorem, or a more or less complicated variation of it. 7 

_ Professor Cross’ s method did not require deep studies or high mathematical 
- skill, which explains its immediate success, but, at best, it is only a trial- 
and-error method requiring | considerable time. Shorter methods have been 
erable 
~ known ever since Saint- -Venant demonstrated that distant n members have no 
appreciable. effect on the member under investigation. For example, referring 
Be Fig. 8, in the analysis of girder CE, the restraint of members AC, CD, EF, | 


and EG only have to be taken into 7 
The authors hav re shown Clapeyron’ s so-called exact method with new 7 


nomenclature simplified by previous calculation of certain elastic constants. 
Howe ever, even 1 this simplified method requires too much effort for: everyday us use. 
-  Elsewhere® 10,1112 the writer has shown that a great deal more time and — 


may be saved by the same theorem if Saint-Venant’s 3 principle i is used. _ For 


; a .—This paper by J. Charles Rathbun and C. W. ‘Cunningham was published in April, all 


§“*Analysis of Continuous Frames by Distributing Fixed- ‘End Moments,” by Cross, Trans- 


8 Ibid., Vol. 83, 1919-1920, p. 1682, 
 Ibid., Vol. 102, 1937, p. 1050. 


Journal, ACI, February, 1932, Pp. 387. 
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scusstons 


In these equations m is an elastic factor depending on on the restraint of each : ad- ; 


jacent member at the far end. . When the end is hinged, m= : 3; ; when the e end 


is fixed, m = = 4; when the aaah lies between these two —_ m= = 3. 6 ‘tha 
For. girders, K = 1/L; for columns, = For girder C CE, 15/2 
8.6 X 15/24 + 4X 6/12 
(8.6 X 15/24 + 4 X 4/12 d 
These introduced i in Eqs. 33a and 33b with those for P= = 000 
we wail L = 24, give Merz = = 9, 615 ft-lb and Mgc = : 8,660 ft-lb, which agree ey 
* within 1% with the values given in Table 5. ‘These moments will be modified 
by the action of the 8,000-lb uniform load on span EG. 
a _ The moments in in EG are found from the formulas: — 7 = 
WL a. — colu 
Be. as which again closely agree with ‘the tabulated results. ‘Moment Mx EG must be 
distributed to EC and EF in relation’ to stiffness, EC: :M' ge = 3. 
15/24:4 X 4/12, from which = 7, 250 ft- lb and = 4, 300° ft- Ib. 


The maximum moment is Mec = 8, 660 + 7,250 = ‘15, 910 ft-lb, compared 


with 16,067 ft-lb given the table. 
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CE in Fig. 8, the 

of 

— 
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= 11,550 + 8,660 X 54/86 = 16,990 ft-lb, as compared 
with 17, 145 ft-lb in Table 5. 
if he e value of m = 4 for the columns be replaced by m = 3.6, there isa 
- slight n modification of the value of the moments, usable for Example 6, 
= To show a short cut for analyzing sidesway, Example 2, Fig. 7, is jm, 


15/24. 
that t Mac: = 7,721 720 ft-lb and Mca = = 5, 830 ft-lb when no sidesway i is possible. 
‘The n the heane acting in ‘the columns will be: In AB (7,720 + 7 1720/2)/12_ 
= 965 lb; in CD (5,830 + 5,830/2)/12 = 729 lb. These shears should be 
equal. ‘They can be made 80 1 if an imaginary force of 965 — 729 = 236 lb be 
~ assumed as acting in a horizontal direction (AC) at the top of the column. 
the problem is to find the proportionate parts to be assigned to each column, 7 
’ and, furthermore, how these shears modify the moments at the top » and bottom 


By figuring a number of multicolumn bents the writer found that the 


proportionate part taken by column AB closely equals 
Kas + 2 Kac + Keo 
— 


2X 15/24 OH and the shear in AB equals 236 


x 0.54 = 127 Mb, and, in CD = 238 — 197 = lll lb. ‘The zero point of 
moments produced in the fixed-ended columns by these shears is located 
tween 0.4h and 0.5h from beg column top. — in many cases a good average 7 * 
for, this distance is 0.45 h. ‘Hence, the moment at the | top of column AB is a 
"diminished by 127 X 0.45 x12 = 686 ft-lb, and the moment at the top of 
column CDi is increased by bed 0.45 X 12 = 600 ft-lb, which values: closely 
As another example for finding the shear, it is proposed to find the e propor- 
| tionate par part of the shear for columns cD and AB of Fig. 8. For column CD, itis 
| 
2K of columns + 2. 2K of all ol 


for column AB, it = 0.176. 
2K of columns + 2 2K of girders 
The authors deserve great credit for having shown « clearly the influence of 
‘sidesway i in their examples. They have, however, side-stepped the issue of the 


' influence of the width — columns ¢ and the a th of the girders on the 


ound > or On NO mMoman 
— 
| — 
Py 
— 
a 
be 
.6 
ed 


MERRITT 0 ON FRAME ANALYSIS Discussions 


spans were smaller than to-conter distances, and 
‘plasticity of materials of construction under high s stresses and ead time beading 
made the negative m moments considerably smaller. 7 ‘This discrepancy has long 
been known, but the use of the center-to- -center distances and the use of a 
‘constant modulus of elasticity i is - preached; it seems to have become an 
article of faith, 
y | The wi writer cannot refrain from emphasizing that the deluge of literature on 
=. analysis of framed structures since World War I has drowned the works of 
the few true thinking pioneers and the investigators of genius. In nadition, 
this mass of literature has so dazzled students that they have lost ‘their heads ~ 
in the belief that everything old was wrong and everything new new was right, and 
that a study of these new methods w will lead them to an advanced standing in 
their profession, and to prosperity. The fact is that they are being robbed 
_ not only of their time, and their chance of acquiring useful knowledge, but also 
S. Merrit,” Assoc. M. ASCE.—Several papers such as this 
one have been published in recent years demonstrating the feasibility o of one- 
. _eycle moment distribution. n. They are proof that open-minded designers recog- 
‘nize that multicycle distribution has many shortcomings in both theoretical 
and practical applications. Although it can be proved that, in general, one- 
-eycle distribution is a more powerful tool than multicycle distribution, most 
of these papers, including this one, , do not conclusively show ‘superiority over 
the multicycle method in solving practical problems. The | reasons are quite = 


too many “extraneous concepts are ‘introduced, requiring 
“much preliminary computation. For example, i in this pap paper “ ‘elastic length” i 
an unnecessary concept, as far as practical pr oblems i in general are Goal 
results in extra computations w hen | evaluating elastic properties of every ‘span; 
and i 1 increases t the number of required formulas s, as well as complicating them. 
Thus, the superiority of one-cycle distribution will not be conclusive “until 
- the preliminary computations are reduced to a minimum and then by compari-— 
son it is shown that less work is involved than in, say, two cycles of fixed- end 
‘The first step in streamlining one- ne-cycle moment distribution is to | 


method on the few est t necessary and sufficient nt fundamental terms fo for ‘evaluating 
the elastic. properties s of each : span, n, independent of the rest of the structure. 


_ Experience shows that the least number o of terms: required i is three . Although | 


| 


_ these may be selected in many ways, the | best ones are those that yield the 
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A A group that satisfies this criterion is C:, CFp 2 , and K. The first we are 
the ‘ ‘moment ratios” to left and right, respectively, for fixed ends—the ratio 
of the moment applied at one end of a beam to the moment carried over or 
induced at at the other end when rotation is completely prevented _ The third 
term is the moment to be applied at one end of the beam, considering it simply 
supported, to produce a unit rotation at the other end. These terms apply to 
“= of variable moment of inertia as well as to prismatic sections. 

beams of constant moment of inertia, = = 2andK = 6E L/L. 


f Sine — values of K are used in most cases, the coefficient 6 may enaied be 


ary terms needed to solve problems may be evaluated using 
the fundamental terms. ‘For example, the moment to | at the left 


The second streamlining s step the end restraints | due 
of the structure in the least number of terms. Instead. of using  ““flexi- 
“bility” for distribution of moments at a joint, requiring | manipulation | of re-- 


ciprocal relationships, as the authors did, it is preferable to use stiffness. The 
stiffness S of the end of an unloaded span is defined as the moment producing a 
rotation of unity at the end where it is applied when the other end of the beam 
is s restrained a against rotation by « other members of the structure. 
a) Simpler formulas result if they are expressed in terms of ‘ ‘moment ratios.” hacall 
‘The moment ratio C is defined for an unloaded member of a continuous struc- — 
ture as the ratio of the moment introduced at one end of the s span to the mo- 


carried o over to the other end. is the reciprocal | of 


Equivalent to “combined flexibility,” restraint at the end of an unloaded 


beam at a joint is the moment applied at that end to produce a unit rotation 
in all the members at the joint. By definition of continuity, Ris equal tothe — 
sum of the stiffnesses of the adjacent ends of the other ' members at the joint. 7 

: Furthermore, the ‘moment. induced i in any of these other members bears the 
same ratio to the applied moment as the stiffness of the member does to the 
restraint. — Consequently, end moments are distributed at a joint in si teseies 
to the stiffnesses of the members. 

2% Stiffness can be expressed in Lows of C as follows: ae 
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In turn, moment: ratios can in terms of the stiffnesses of 
spans: 


‘Toward | hinged supports, for which R = 0, C is , infinitely large; toward fixed 


ends, for v which R is infinitely large, C= = OF. 7 For beams of constant n ‘moment: 


physical interpre pretation of ratios, in addition to the e carry-over 

for 


concept, can be obtained in terms of fixity, defined as the ratio CF/C, which — 
Varies from zero for simple ‘supports to 100% for fixed ends. If Op is the 
tion of a beam at a hinged support and @ is the rotation. when restraint is pres- 


ent, it can, be shown that fixity is equal to 1 — and, consequently, isa and 

a straight-line function of the ang ular rotation. For example, ifa column foot- = 4 
_ rotates 3 0. 4 as much. as it would if i if it were unrestrained | by the ‘soil, the 

fixity is 1 — = 04, or 0.6. ~ Also, ; , assuming g CF = 2, the moment ratio for the | ‘ 


column in direction of the footing may be taken 2/0.6, or 3.33. In 
concept can be used i in the case 0 of ‘flexible connections. 
Pa Corresponding to Eqs. | 16 for } prismatic beams, the following formulas apply | 


‘moments and rotations being assumed positive 


in which} ¢ represents the simple beam end itt due to the load on the pa 
However, it is generally easier to begin distribution with fixed-end moments. 
ts indicate how this streamlined | version works, Example 1(a) is recalou- 


—- 


Step (b).—Spa = — = 0.667; Cos a 5. Similarly, 


oo. ae (d) —For a concentrated load at the center of a . simply supported 


0.571 — 


span, ¢= + Therefore, Mac = — 


— 
— 

] 
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3.5 X 0.375 — 0.375 | 


= B75 X85 — 4 24-742, ‘Then, Then, Mas 
= = 4.08 and Mpc = 
bx ae (Fig. 9) is also ‘solved to ill 


p (a). —For r prismatic beams, the moment ratio ¢ can an be. estimated “from 


‘in which K; is the K-value of the member ¥ whose C-value is to be assumed; 2K — 
ee the sum of the > K-values « of the other members of the joint toward which the 


ratio is directed; and ¥ is a constant varying from 1.5 for full restraint to 2.0 
for no restraint at the far ends of these other members. Since y varies between 


From Fig. 9, the relative values | of K are: = = 6; Keo = 
and Kap = 6. Assume ( Can = 2 + 3.7500 nd Cop = 


the use use of these assumed Tatios, the distribution 


corrected | Cap = 


Similarly, Scp = | °C 2 + 16; 


34 45 
- = 3.47. The corrected Cop = 


ee a ‘moment of + 1,000 is applied at each joint nt separately, and di dis- se 
For for a moment of 1 ,000 at joint A, 4B 


iy 
| 
a 4 145 x4 
eg 

"346° SCA 4.26;Coc - 2+ = 2.94; Spc 

— 
cu — 
and 
— 
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the 


thus determined a are in Table 16. 
— PL 


Step. (d) —From ‘Example 1 (a), for the skip loa load lis + 
x 0.875 — 0.875. 
fixed-end moments are 
These moments are then distributed by 


multiplying the values in Col. 2, Table 


TABLE 1 16.— 
FOR OF 1,000 


AT Each EXAMPLE 4 


— 


Potrnt oF MoMENT APPLICATICN 


Joint A Joint 


Joint C re Joint D 


16, by 0.012, and those in Col. hehe 
— 0.012. Moments fo r the 4-kip load 
sidesway prevented are shown 


(9). —Under sidesway, joints A 
and C deflect - - equal amounts 
. Henee, the f fixed-end moments 
in AB and cD caused by a a horizontal 
movement, being» Proportional to the 
K-values, are in the ratio of to 


| Toe eliminate the forces that were as- 

sumed prevent sidesway to permit 

es aa distribution of moments for the 4- kip load, apply fixed-end moments of . -1, 000, 


a | @ | @» | @ | © 


M at the top and bottom of CD and of —1,500 M at the top and bottom of AB. ‘ 


17. —TABuation | AND DisTRIBUTION OF Moments, 4 


BD 


BAD | 


(a) Srep (d) (4-Krp Loap, No Smzswax) 
Fixed-end moment 


‘ 
4 Distribution of A moment¢. 


+0.07 


+1.32| —1.32 


cD CA 


+5.45| +1.35 <1 35 
—+1.74| 40.13] —0.13 


—1.48 
Ming: 


07 | 


5 Fixed- end moment 
- 6 | Distribution of A moment-. 
| Distribution of B moment. 
8 | Distribution of C moment. | - 
Distribution of D moment:®. | - 


+ 769| — 769 
| 


357| + 643 
130 


+ 130 
— + 670 


a 


+0.49 | +0. 
—0.99 +1.76 


ory 
49 


99 


+ 0.52] —0.52 


0.46] + 0.46 


5.90 


Final moments...........| — | 
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The Then, 1 using Table 16, 


previously ob obtained for the 4- kip must be : 
+7.19 — 769 M +148 728 M — — 670 M — 
= 


| Step (t) —Multiplication of the values i in in lit 


of M gives the , sidesway correction for the 4- kip lend dine 11, , Table 17(c)), aa i 
the final moments (line 12) are obtained by addition of these corrections to the 


‘moments for sidesway prevented (line 4). 

M. ASCE.—For some years structural frames have 

been analyzed by the bdo tart so as to avoid the innumerable equa- 

tions involved i in the energy methods, with their attendant t confusion a and labor. : 
7 In ‘other wor ds, the classical methods were dead when it came to the matter of 
analy zing frames. . In the face of this trend, the authors have resurrected the - 

classical treatment ¢ of frames—with a modification, 

‘The first few | pages s set up a foundation by borrowing, chiefly from the clas- 
sics, but also wer the modern new v element, the ‘elastic- 

factor,” 

 twenty- seven pages of examples. The first pages can be passed 


over r quickly after r they have been Tecognized ai as mostly old | acquaintances. So 7 


method will solve a problem fairly and with little labor. 
As to the real substance of the paper, it is claimed that the we 
provides \ very W vell for “flexible connections,” ’ meaning such as have a small but | 
limited rotation; and that it i iis applicable t to Vv ierendeel type trusses and frames 


heading, “Summary” In a sense this is true; the ‘game n may be 


pe can be adapted | more simply and Wi ith less labor. The elaborate calculations 
shown for the. easy problems i in this paper are thus not at all inviting. a + 
a. Among the many who have tried to improve upon the relaxation method, _ 
or to overcome the discouraging algorithms ¢ of the classics in the ‘solution of 
frames, it has become ‘the custom to illustrate with primitive examples. ‘This <i 


cause such explor is to progress. 


“had better be primitive, for young minds should be burdened toc too heavily; 
Be the larger audience of | practicing engineers, will ask of any new method: 
“Does the method ‘work’ for an extensive and irregular framework, for short 


and long spans or columns mixed, fora an offset layout, or for an irregular footing 
plan?” “Will it ‘work’ with a mixture. of all kinds of loads—point loads, sp spread 


loads, Sway loads, w ith: loads Sometimes: off and: sometimes on?” 


Engr. ., Carbide and Carbon Chemicals Corp., South Charleston, W. Va. 


= 
and assemble the results as in — 
ts plus the moments a” 
— 646 M =0 
2,813 M =1.91 
im 
34 
= 4 
= 
70 
— 
— 
— 


With one the illustrations are not convincin in eXx- 
_ ception the authors offer no solution; they merely anaaik an outline of how a a 
_ the method should be applied. Ina practical sens sense, the e exception, , Example ’ 7 on 


@ 


isn not a realistic problem. It ie not have the u usual complications, but con- 
: _ _ sists of four equal spans in a four-: y frame, in which all stories are the same - 
i Loading i is confined ti to two two spread loads on only; no wind i 
loads are on the inner spans and are alternating; the point loads 
are at midspan. * _ The layout is a simple one never found in real life. —_-— 
Even so, the authors have not presented an answer. Possibly, the elasticity 
4 actors L (which should be formulated from all the re restraining elements of _ 
frame and not approximated roughly from only those most adjacent) are so — 
‘complicated { that they are entirely beyond human ken, ‘and thus in the ‘same 
class as the multiple equations in the original classical methods. _ Perhaps: no 
- practical solution i is possible; or the answer wo would be a loose approximation at 
best. - This i is thus a challenge to the authors: Can they complete the analysis 
is they} have outlined and d obtain true answers? 2 If If they can they should do 80 a and 


thus prove that the n method has practical value. If they win, their s service to 


ow 


q 


profession is and they : are to be hig ghly honored. 
expressing himself thus forcefully on this subject the writer has I had in 
Pid... of ‘mind n not only the present p: paper but several others— -all e erring in the sense that 
ae they outline the technique without exploring the underlying philosophy. Ih 
z a philosophic sense the modern methods are far removed from the classic 


methods of analyzing elastic frames. . Any investigator, "pioneering in new 
ideas as to frames, must t therefore’ anchor his promises to either of the e two— 


unless he is able to offer an entirely | philosophic approach—for there can 
ae = such thing as a mixture of, or an average between, “energy ” and ‘ ‘relaxa- 


A Uil 


ae F- tion” methods; to state the question i in more practical terms: Do the current 
ae - explorers i in this field realize the e stupendous task they set themselves? _ The 
a vastly superior relaxation method has its roots in the work of master mathe- 


Tar 


maticians and philosophers, 1 who discovered and developed it under the 
‘7 of urgent necessity during World War I; and the development has ee 
—_ an When an author therefore makes a claim for a new and better method there 
a must be (and this is a check on his own work) at least one critical and outstand- — 


_ ing departure from known and accepted fo forms. He should analyze and de- 


 seribe this’ departure. and submit a rigorous ‘mathematical proof—either | by 


vid 


i, ete detail i in the text or t by tying his thesis by reference to authoritative 
~oxie ~ and readily available sources. If this cannot be done th the method is not ready 


a. sa A technical paper is a record of constructive thoughts designed for continu-— 

es ing and recurrent study in future time; - and it should be sufficiently, inclusive 


fay to be definitely conclusive both when written and for all time to come. It 
should be as nearly perfect as possible. 

‘These parenthetical observations, while suggested topic, are no 
2 mee aimed exclusively or even primarily at the eames paper * They apply to all ‘ 


treatments of statically indeterminate frames, for which el claims of complete 
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| Cc. KAVANAGH Assoc. M. ASCE.—This method of 
: - analysis is 0 is of considerable interest i in connection with the calculation of buckling — 


restraints of axially loaded bars in a rigid jointed framework. | > Methods em em-— 
_ploying restraint coefficients similar to the authors’ “elastic factors” have been 


employed for this purpose in various forms since the beginning of the twentieth = 
- century. ~All such methods involve solution of the problem of an indeterminate — 
4 framework w wherein the various elastic properties of the members are modified — 
by the presence of axial loads. For the special cases s wherein the axial loads 
a are small, their effect may be disregarded as is the custom in ordinary sc all 
7 One of the earliest and most comprehensive uses of restraint coefficients wa was — 
by H. Zimmermann, who developed the properties of these coefficients (Spann-— 
eiffer) i ina a long series of publications dating from 1906, summarized in his book!” 
7 on the buckling of frameworks. — Eq. 11 is but a slightly different form of the 
‘general equation for an axially unloaded bar with rotational end restraints; for 


on 2 substitution of Eq. 8 it may be rewritten: 


by su of Mr. Zimmermann’ 8 ‘modified i in 


with the authors’ sign convention, — 


Eq. 41 takes the basic form, 
A (m’ +m") + A? m’ whe 
In the case of the axially loaded onndhen, the coefficients are modified, but 


the | form remains the same, and the equation will be found repeated i in most 


‘literature pertaining to elastic : of bars. It is ‘significant to note 


~ 43 can be in the form, 


which i is an equilateral hyperbola, andi interpretation | 


were investigated at length by Mr. Zimmermann. — / Special cases like Eqs. 3. 


_ and 5, or others such as equal end restraints, a ae realy obtainable from these 


1935-1936, N. J. Hoff'*. 19 along different the concept 0 of 


Transversely Loaded Framework Members,” by N. ‘Hoff, Journal, Bevel Aeronautical 
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used it for or axially unloaded The syn 
_on the right are as defined in the authors’ paper. ree dine 
1938, the moment distribution ‘approach was utilized E. 
_ Lundquist,” 20 Assoc. M. ASCE, using the concepts of stiffness (elastic a 
“and carry-over factor. That the approach is expressible i in terms of f Eq. 3 39 was 
demonstrated by W. R. Osgood, ASCE, in a discussion”! of the same ‘paper. 


It might be noted here that since the elastic factor is duals the summation of 


the stiffnesses of the restraining members, it would seem preferable to retain the 

WwW idely | ‘understood term “stiffness” in place of the new term “elastic. factor 1 

In all the above problems, as related to elastic stability 2 analysis, one is faced 

the problem of. joints with known or assumed (stiff 
nesses), after which the remaining joints are resolved in a step-by-step process. 

_ The authors are to be commended | upon their clear presentation and the 

systematic procedure outlined, ‘particularly as related the | problems of 

flexible connections and joint. translation. Although the approach 

- joint translation has been solved” for axially loaded members, it has never ver been 


Foris,* 23 Esq 2.—Introdueing a method of analysis of hyperstatic struc- 
tures, the authors claim that the theory presented i in this paper is classical, or _ 
- exact, requiring the solution n of very fe few, if any, simultaneous elastic tic equations. 7 


7 ual Classical methods are those which do not or final cor- 
rections, _The r redundant quantities (that is, f forces, ‘moments, ‘displacements, 
_ rotations) of the hyperstatic structure are determined by the aid of an 
; a= in a systematic and unequivocal manner leading always to simple but 
troublesome linear simultaneous equations. follows that the classical 
‘methods, althou gh tedious and time consuming, are direct and the results ob- 
ee - The authors’ analysis, on the other hand, is preeminently a r ‘iain 
method. In certain cases, relaxation methods require also the solution of 
‘simultaneous equations. It is true, that by introducing the elastic moment. 
area a (conjugate beam), the authors. side-step the iteration 1 process | of the mo- 
_ment-dist -distribution method. 1. N evertheless, their ¢ analysis is an indirect one. 
~ In accordance with the ‘usage ¢ of American technical literature, the authors — 
‘lh Mohr’s elastic moment-area method, the conjugate beam theory. ~ Mohr 
in his writings”: ” * never ‘mentioned it, and iti is not known i in German technical 
literature by this. name. It belongs, instead, to the elastic weights methods. 
Furthermore, this , terminology is mathematically incorrect ; for to be called 
ae ugate there must be two paired quantities equal but differing i in sign. The 


= 


2 ‘*Principles of Moment Distribution Applied to Stability of Structural Members,” by E. E. 
Proceedings, 5th International Cong. for for Applied Mechanics, p. (145. 
y 
22 ‘*Flastic Stability of of. Plane Frameworks, by Ww. Prager, of the the Aeronautical Sciences, ‘Sep- 
Asst. to Engr. Pacific Elec. Ry. Co., Los pony Calif. 
‘*Beitrag zur Theorie der Holz-und Eisenkonstruktionen,”’ | by Otto des Architekten- 
i-Ingenieur-Vereins zu Hannover, 1868, p. 19. 


‘*Abhandlungen dem Gebiete der Technischen Mechanik,” by Otto Mohr, Wilhelm Ernst & 
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moment and the elastic moment areas are unequal and both of the same sign, i. 
San positive or negative as the case may be. Itis perhaps better to eall th this ean - 
associate beam theory. Ale 
In 1 the moment-c -distribution method the base system | is a beam fixed at tboth — 
ends. releasing joints one at time, the "carry-over stiffness factors, 
-fixed-end moments, and final moments are determined. By analogy, the | 
_ system of the authors’ method i is a beam elastically support ted at both ends 
By releasing the fixed ‘points, after the carry- ry-over and elastic factors have been 
determined, the moments of the elastic moment area, and, finally, the actual 
man 
‘moments are found. * Asi in the relaxation n methods, hen sidesway produced by 
unbalanced ‘moments and shears corrected to satisfy the equilibrium | of 
a In the moment- distribution me method the fixed- end moments can be taken 
_ from reference books, and are independent of the elasticity of the structure. 
‘The bending moments of the authors’ base system (Eqs. 16) depend on ”: . 
elasticity of the whole structure and cannot be determined in advance. 
An attentive reader will search in vain for a proof of the analysis roar _ 
in this p paper; he must be satisfied with heuristic | reasoning. Only. ‘comparing 
_ them with the solutions reached by other well-known methods can the validity 
- of the results obtained by the authors’ method be established. _ 
aus In whe 2 and Fig. 3 the beams and moments are are ‘not drawn properly, sage 


> 


elastic in Fig. ‘In both cases, s, point A. Ais but vertically re restr 
This is not mentioned explicitly. In end B of the fixed and elastically sup- 
ported beams, the moment produced by Mas i isa rectangle ; the moment area 
of the vertical reaction at A is a triangle with opposite : sign. ~— Bys er 
the two moment areas, ‘Figs. and are 


SET ~ 


—in which the ‘influence of support B is clearly indicated. — The’ first t term 
within the parentheses i is the elastic factor at end A when end B can rotate 
freely, which is the basic case. The second term is the elastic factor that  —__ 

} dmg the influence of the degree of fixity at end B on 1 the rotation of i 

beam at support A. If B is fixed, then Ze =0 and, from. Eq. 8, Las = L. 

Thus the expression within the parentheses becomes equal to Eq On the 
other hand, if B is hinged, then. Zp=%, hence = © and second term 
within the parentheses vanishes, as it should, to agree 1 with Eq. : 
In conclusion, the proposed method offers. no real over the 
- moment-distribution method, although it can be of some value in cases es involv- _ 
ing only sidesway. It is more tedious, more complicated, and certainly more 
difficult to remember and apply than the classical methods. The claim that 
iteration (cycles of distribution) is avoided and that the method is thus rendere = ae = 


A 


 Septemb 
| 
4 a 
Ss 
— 
‘practical manner. The general expression (Eq. 106), for instance, can be 
written in the more convenient form— 
— 
vel 
— 


Tao Kine,* M. ASCE— —The ‘ ‘classical” method of continuous 


frames; in this paper, is at least of theoretical interest. Compared 


- with t the Hardy Cross method of f moment distribution, 27 the authors claim the 
advantage o of avoiding repeated cycles (but the solution of a “few” simultaneous 

equations is still required), and express the | belief that. the method i is particu- io 
7 3 larly adapted to the solution of frames such as the Vierendeel tr ‘uss et. ae 
oo kom All examples given in the paper can be solved readily by the Cross method — 


 @ distributing fixed- end moments with the application of proper “correction a 


TABLE 18.—So ution oF EXAMPLE 6 BY THE 


a | | tome | 


8/38 
411.733 | +17:600 | +20:000 | +16.667 | 425.714 420.572 | 425.714 | + 4.210 
+.8.000 000 + (+12.857 | + 8.333 | + 8.000 | + 2.105 | +412. 
23.871 |... | -29.214 | -29214 | —19.968 | —19.968 
2.148 +4. ‘| + 3.435 | +10.980 | + 8.784 | +10.980 | + 1.826 — 
+ 3.699 | + 2.061 | + 1.611 | + 5490 | + 1.717 | + 3.699 | + 0.913 | + 5.490 
9.983 — 9.984 — 8815 | — 8.815 
+0891 | + 1.336 | + 1.572 | +1310 | +4454 | + 3.563 | + 4.453 | + 0.860 -< 
+01: 
+1516 | + 0.786 | + 0.668 | + 2.227 | + 0.655 | + 1.516 | + 0.430 | + 2.227 
+ 0.371 | + .0.556 | + 0.623 + 0.519 + 1821 | + 1.457 | + 1.822 | +0. a 
+0618 | + 0.311 | +0278 | +0910 | + 0.259 (+0618 | + 0.212 0.911 
| | — 1644]. .... — 1549 | — 1.548 40.11 
0.155 | + 0.232 | + 0.249 | + 0.207 | + 0.752 + 0.601 + 0.751 | + 0.220 Foo: 
+ 0.254 | + 0.124 | +0116 | + 0.376 + 0.103 | + 0.254 | +0110 | + 0.375 
— 0.540 | .... 0.675 — 0.676 0.668 | 0.669 $0.06 
+ 0.065 | + 0.097 | +0100 | + 0.083 | +0313 | +0251 | + 0.313 +0. us 
> 36.326 | +36.326 | +38.139 | —38.139 | —27.120 | +49.315 | —22.195 | - 
More E 
—17.600 | +17.600 — 9.619 | — 7.123 
2131293 +13.223 = 5.285 +0.77 
— 3.397 | + 3.397 — 3.449 | — 2.465 +0.37 
Pi — 1.342 | + 1.342 — 1413 | —- 1.015 +0.19 
0.543 | + 0.543 t 0.527 | — 0.527 — 0.586 | — 0.417 +0.10 
0.221 | + 0.221 | + 0.216 | — 0.216 — 0.245 | — 0.176. +0.07 
0.152 | +0152 | +0149 | 0.149 | — 0.173 | — 0.128 
-+38.288 | +38.288 | —27.304 | +49.672 | —22.368 | —16.600 
e The lines mi, me, ete., are née algebraic sums of carried-c -over moments, correction moments, and distributed a 
moments” where required. For practical pu purposes, only three or four 
are necessary. , convergency is rather slow, five or six cycles may be re- Po _ 


“quired. Another advantage of the Cross method lies in the fact that the 
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angles of joint rotations, 6, and rotations, R —, may 


: easily be calculated from the table of moment distribution. These a. 
: ~ when known, will help one in visualizing the deformed structure under the ex- 
The Vierendeel trusses in Examples 4to7 have rectangular panels and canbe 


Cis all 


_ solved best by the ie method. Example 6 is perhaps the most complicated - 
7 one given by the authors. | The writer has solved it by fixed-end moment le 


Harpy Cross Meraop OF 
HE 

J 
— 
OF 

=16.000 | 416.000 | .... 

+16.667 | +16. 667 443.333 
3 42.246 «| +4210 | —27.143 | 21.714 | 27.143 697 | —23.63 
ail — 8.000 | — 9.848 | —13.571 | -10400 | -11818 | 5 
57 —+31.961 | +31.961 | 6 
63 — 9.031 | —11.288 | — 3.632 — 31450 
26 
90 
15 
60 
24 
) 
— 0.321 | +0. = 074 | — 0.321. 
375 +0275 | +0275 .... 0.548 | +0548 | .... 
569 + +0117 | 0.242 | 0242 | — 0.048 | 0.057 
+16.465 49.808 +43.504 | —43.504 | —41. 
3 FOR — 7 

P 42.246 | + 4.877 —21.714 416.190 | +23.636 | —23.636 | —20.800 

123 +1.641 + 3.644 —17.031 | +10.825 | +14.758 —15.268 
985 . +0.775 + 1.690 — 6.989 | + 3.945 | + 3.217 | | — 3.613 
465 +0.376 + 0.639 — 2.687 1.550° | + 1. 1.338 
O15 +0.195 | + 0.222 — 1012 | +0601 | +0. = 0.506 
‘417° +0.105 | + 0.071 — 0.375 | + 0.232 > 0.190 
176 _ +0076 + 0.052 — 0.220 | + 0.136 — 0.114 
— —50.028 +33.479 | +43.613 | —43.613 41.829 
moments in cycles 1, 2, etc.; m7 is obtained by multiplying ms by , in which r = — 


tribution, as shown i in Table 18. 
In Table 18 (a), line 1; gives the distributing line 2 shows the fixed- 
wo moments resulting from the loads applied on the top chords CE and EG, 
eS Fig. 12. In lines 3, 6, 9, ete., are given the correction moments to be applied a 
ie 80 as to balance: the unbalanced moments in the » panels, resulting from the « ex-— 


+ 
Pom 
— 
“4 
— 
a. 
— 
— 
a 
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KING ON FR AME ANALY SIS 
TABLE 18—(Continued) 

Lines 


+34.667 | +34.667 333 —18.667 —29.333 
867 | —16.000 +16.000 +16. 000 +16.000 


= 8.000 |— 6.933 7 +10.286 + 5.866 
+25.568 5.975 | —23.371 


— 2.300 7.030 — 7.030 -953 | +0. 7.398 + 7.398 


3.515 4.515 |+ 0.476 + 4.392 | + 1.074 
8.084 - |+ 5.180 | — 7.987 


0.956 "2.692 |— 2.691 3.032 + 3.033 


1.345 =| 1.737 |+ 0.225 1.781) + 0.445 
+ 3.077 + 1.908 — 3.229 
0.394 "6. ‘998 | — 0.999 +1. 237 + 1.236 


0.499 0.670 |+ 0.117 
1.168 0.672 | 
0.163 - "0.363 |— 0.363 |+ 0.125 


0.181 0.256 | + 0.062 0.181 
0.438 0.220 |+ 0.220 
0.067 0. — @. — 0.128}-+ 0.069 


—45.246 | + 8.293 | +23.915 28. —16.1: 45.874 


+20.800 | +18.667 | —16.000 
+15.268 | +11.606 | —17.887 
+ 3.613 |+ 4.242|— 7.207 
+ 1.338|+ 1.601 2.735 
+ 0.506 |+ 0.607|— 1.033 
+ 0.190 }+ 0.230}— 0.384 
mi |+ 0.114|+ 0.136 |— 0.227 


= +41.829 | +37.089 (45.473 


=! 


Sew 
+1+ 


one 

+1+ 


i+] 
ors 
+1+ 


+16.000 | 

+0.787 
+0.385 
+0.197 


+0.104 


+0.078 | 


+4.643 | —28.639 | —16.316 . 


o 


+ 
go 


this 


The lines smu, ms, , are the algebraic sums of carried-over moments, ¢ correc cti ion moments, and distributed 


moments in cycles 1, 2, etc.; m7 is obtained by multiplying ms by —— t<?’ in which r = —. ia a “ 


ternal loads or reactions, or from the newly introduced hypothetical moments | 
after each eycle of distribution and carry-over. ‘The balancing moments in 
each panel a are divided between the top: .and bottom chords in n proportion to their ‘ 
stiffness factors. — a Lines 4, 7, 10, etc., show the distributed moments, and lines | 

5, 8, 11, ete., is give the carried-over moments. 5. Final n mome 
line 20, which sums up all the moments in each column. For sauiiad results, © 
one might: have stopped at the end of the fourth cycle. er ea a 
No attempt has been made to balance the shears in the ver erticals; it can be 

"proved easily th that, when the moments around all the joints: are balanced and 


the proper “correction moments” are applied after each -eycle, the final 
_ shears in the ve ticals must necessarily be balanced. 
=n Dalanced 


— 
qT 
th 
au 
sa 
. 
0.618 |+ 0.117|+ 0.728] + 0.185 
+ 1.239}— 1.239] .... | — 1.315 
| | 0.126 |+ 0.508|+ 0.508|+ 0.508 
17 | +0.058 |+ 0.254|+ 0.063 0.300| + 0.077 
+ | 0.585 |— 0.535]... — 0.541 
19 +0.046 |-+ 0.069 |}+ 0.212}+ 0.212] + 0.212 
— 3.880 di 
— 1.548 dis 
3 the 
| 
996 
E fi 
me 
— 


_ KING FRAME ANALYSIS” 
a: If one wishes to atin still m more “exact ” values for the final end moments, 
Table 18(b) may be prepared. The values given in the last horizontal line of 
- Table 18(6) agree almost exactly with tho those in line 2 25, Table 13. The signs of —_* : 
the ‘moments as used by the writer | are e exactly opposite to those used by the | 


‘zero, since the supports | B and Js are unyielding. 
oa E a. E R., E R3, and E R, be the angles of bar rotation for top and : 
~ bottom chords in the first, second, third, and fourth panels (see Fig. 12), and 
let £ Rs be the angle ¢ of bar rotation for each and every vertical. The tentative | 
values of E E R2, E R;, and E Ry are re computed as 


sum of correction moments 


— 29. 333 — — 23.371 — 7. 987 — 3. 229 —1. 315 — 0. 541 — 0. 379 =+ 29. 052. 


the the value — 0. .379 the last 0. 541 , mul- 


for member BD.) ‘Similarly, B Ror = =+1 15. 592; 


ss tiplied by t the ra ratio 


The sum of hee (B R)- values, being e equal to + 1.965, is not zero. This : 
of + 1. must be divided lly among four since 


+2 

6)- value for any joint 1 may now be « 
sum. of distait mo int Rs. 


times ‘sum of ‘stiffness factors ¢ around the j 


aan 0. 1138/4 (1/2 + 491. =+ 7. 213 


> 
dn ‘the foregoing the value 0.113 is (+ 0.0 0. 065 65 + 0. 0.087) 


members a around joint. Similarly E E = 


| iy 
computed from Table 18. In Example 6, it is evident that: (1) The (Z R)- ; ae. 

value for the top chord in any panel should be the same as that for the bottom a 

chord in the same panel; (2) the (Z R)-value for all the verticals should be the | ae 

— 

= — 
- 

— 

through anangle E R; 0.491, which one fourth of this 
with the sign changed. All the tent: ve «)-values must be combined with 4 

value of EZ R; in order to obtaii he true values of R,, E Ro, E Rs, and 
e 
F = 

Th 
= +11.7. > + 17.600 + 2.148 + 3.223 + 0.891 + 1.336 + 0.371 

be 
—— for the 
nal 13.733; & 6p = + 


= 14.135; = — 9.385; EO, = 8.420; =+ 17. 211; 
= + 2.606; = — - 18.682; and E 6; = — 10.584, 

Corrections for Transactions—In April, 1947, Proceedings, on pag on page se 417, 7 
change line 22 to read: _ ie free body and subjected to an external positive 
moment Mr. The thrust and shear have been omitted from the sketch fo 
the sum * .” The first sentence of Section 6, 421, 
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DISCUSSIONS 


BEAM DEFLECTIONS BY SECOND AND 


Discussion 


By A. B. B. MoorMAN, AND FRANK | MoComuck 


A, Frorts,? Esq. .—By means of his second-moment and thied- moment con- 


cepts, ‘the author derives formulas for the determination of slopes a and deflec- 
tions, which are used afterward in the analysis of hyperstatic structures. ‘Iti is 
stated i in the “Synopsis” of this paper that “The various methods for computing 
deflections may be classified into two main groups—the double-integra- 
tion method and the moment-area method.” 
‘The application of the author’s second a third moments to statical prob- 
lems i is facilitated by the aid of seven n theorems. From these theorems the last _ 
tw o are admittedly similar in nature to those of the moment-area method. = The 


: labor involved in these computations is is foie no means less than the work required — 


a 


enumerating the various for slopes and deflections, 


* author overlooks the principle of virtual displacements and the Castigliano — 
theorems related to ‘it. By the use of this general principle, and with the | 
-Miiller-Breslau formulas for quick | integration involving algebra only, the most 
rapid results can be obtained in a direct manner. 
The slopes and deflections (and hence the hyperstatic quantities) « can be 
determined also by means of a fourth- order differential equation of the elastic _ 
curve.*5 By using Laplace transforms the tedious process of determining the a 
four constants of integration is eliminated, and the differential equation is trans- - 
formed into an algebraic without the use of the trans- 


Note. paper by Hsu Chang was published in March, 1947, Proceedings. 
2 to Structural Engr., Pacific Elec. Ry. Co., Los Calif.* 
"Elasticity," John Publications, New York, N. 1946, p. 52. 
- 8*An Introduction to the Theory of Elasticity for Engineers and Physicists,” by R. V. Southwell, ee 
6 ‘*Applied Mathematics for Engineers and by Louis A. Pipes, McGraw-Hill Book on. 
7“‘On the Theory of the Elastic Curve of the Defected Beam, by Khoudiakoff, Bulletin, Paty. 
technic Soe., Technical School, Moscow, 1909, P. Gn Russian). 
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FLORIS ON BEAM DEFLECTIONS 


aken as 


the center line of the beam. author's is then the 
— of i iner rtia of the system with respect to the normal through point 0, the 


—-SEcoND MoMENTs OR MOMENTS oF Inert 


i 
"Loading Mass ‘Area Axis 


m 


= 


“center of gravity of the ma mace, J wi 
ses 0 

to the normal through N, etc. values for mas mas 
‘the moment tof neta fo area is 
_ Conversely, the 


8 **Hitte, des s Ingenieurs Taschenbuch,” Wilhelm Ernst & Son, Berlin, Pt. I, 1908, p. 219. 


ot utilized. If Wis as a physical meani 
ass of the systen the mo- | 
on, the second mo- 
4 —_ VE 
axe 
_ 
— 
va 
— 
— — 
— 
— = 
|) thle | ing 

— 
— 
— = 


nents of inertia on areas. 


axes A, B, and N can found byn means of the ell- -known for moments 
of inertia at p points other than the center of gravity. ; - From the values of mo- 
ments of inertia for few basic loadings, the values of the moment of inertia for a 
variety of loadings can be obtained by superposition. Table 1 is a sample of 
second moments for three loadings given by the author. 7 

Considerable originality i is displayed by N Tr. Hsu and his interesting paper 
deserves: careful study. 

Roserr B. B, Moorman,’ M. ASCE.—Although the author is to be com- 
mended for his efforts to simplify computations for the deflections of beams, the 
writer feels that the simplification, by introducing second and third moments 


- the poe is: manifest only in ‘some special cases and cannot be said to be 


ta the deflection to be a of the bending With ‘this the 
writer cannot agree. Actually tl the angle changes along the axis of 


a structure are used in computing the deflections. Fe beams, , columns, or 


curved members the usual procedure is to assume the angle change equal to 

, 
the bending moment divided by £ I. 
On A direct method of epee deflections should not be limited to neni 
ob 


beams 


4 
Loading» First moment ‘Second moment Third moment 


(see Fig. 20 (b))... Mn =Paaa|M"n = Paar, Mn = Paa, 


(see Fig. 20 (c)). Mea =2Mcaba =3 Mea 
Balanced force system . = constant = +3 
(point O at resultant) .. =M"o = Mo + 3 M” ‘ox + M’"o, N 
Force system symmetrical | wed 
| about point O Mo 


20(a). Point O of theorem III should be specified as the point at pre the | 


_Tesultant i located on the reference line and not as “any other 
same is true for theorem IV. 


ut moments of inertia for mass are derived from the mon — 
o- § Mass here is taken as equivalent to load. Of all the _ on i“ -_ 
| 
al 

+z) 

Fig. 20 — 
— 
— 

3 
— 
— 
es 0 — 
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on BEAM DEFLECTIONS 


a The ‘usefulness of the the paper would probably be enhanced if the information 7 
were summarized somewhat as demonstrated in Table 2. Likewise it would be 7 
a to matte the information contained in the section entitled “Second and 


‘Third Moments of Force Systems| Act- 
2 on Straight Beams” extended and 
That the proposed method can be 
to certain deflec- 
problems is illustrated by the fol- 
example. Let it be required to 
determine the equation for the deflec-— 
tion and the neti for the slope at 


Ton 


Se any point for the beam shown in <4 
Fe. .. 2 deflection at end B zero, or 


Substituting for for 43,8} in Eq. 73: 
— 


=) * al + 


- y ~ 10 
_ from which 
Ba = — W (75) 
The deflection at any point 


180 


10 2? 2 «x (76) 


The slope at any point N is 
i Te illustrate 2 a case in which the computations for deflection are about the fo: 
same whether or not the proposed method or the moment-area n method is used, 
the beam shown in Fig. 22. Let it be required to determine the deflec- 


— 
| 
— 
— 
— 
aN 
— 
| 


64 = Yyza = 


(| 67 13 

~ 6 E To 

It is probable that the proposed method will ” found useful i in simplifying 
those analyses'® re the mom ent of the -diagram about the 


FRANK Assoc. M. ASCE. of this paper reveals. 
that, as defined by the author, the second moment (M”’) is equal to twice the 
ae of the bending moment diagram, and the third moment (J "yi is equal to 
six times the moment of that area with respecttooneend. = 
4 This ingenious substitution of these analytical expressions for the geo- 
metrical concepts: used in the moment-area and conjugate beam methods is 


7 not likely 1 to seem advantageous to mc most readers, for the invention of any 
4 


latter methods was an attempt to avoid the mathematical abstractions of the 
double-integration process in favor of the concreteness of geometrical or phys- 
ical co concepts. _ In fact, the advantage of being able to visualize the operations 
involved has led to the invention of many similar substitution methods. — 
_ Among these are the elastic weight, moment distribution, and column analogy — 
methods structural analysis, and the membrane, electrical, and hydro- 
dynamical in the field of elasticity. All these represent an effort: to. 
ties involved by y more 
familiar ones, or by abstract mathematical quantities by 


"requires the s student to learn the x new patios of second and third moments of 
forces and couples. This could be defended if by so doing less actual labor a 


teed be applied for a ‘solution. — However, the a author has not shown this to be © 


400 


true in the examples presented. = ay 


1®©“Continuous Frame Analysis by Elastic Sunpert Action,” by J. Charles Rathbun and 
Proceedings, ASCE, April, 1947, p. 419, Eqs. 16. 


_ 4 Associate Prof. of Applied Mechanics, Kansas State College, Manhattan, Kans. 
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tion at point A, which may be expressed 
4 -(#) (2!) (4) (4) vt) (s) | ce 
‘ 
case Ol S le Den mg 
— 
ae 
= 
(77) 
used, 


McCORMICK ON ON BEAM DEFLECTIONS | 


Corrections for Transactions: In March, 1947, Proceedings, on page 292, 

Eq. 6, change “Mw = Mes” to “My | = M..” On page 294, line 6, change 
“Eq. 8” to “Eq. 12”; line 29, change “M-o 0” to “M'eo o”; line 30, change 
to Ny”; and line 33, change “ to “Po.” On page 297, line 
‘insert after “equal. On page 298 , Eq. change “Ms” 
My; and ai 27, line 1, change th the last quantity in parentheses to r read | 


Mn o On page page 300, Eq. 32a, , change to 


7 

page 304, "Eq. 54, line | 2, change to “=”, On page 305, ll, 

a change “Eqs. 48, 52, and 55” to o “Eqs. 48, 52, and 54”; and Eq. 57a, line 3, 

Pe, « PP 

change to “— ——.” On ‘page 306, line 17, change ‘‘displayed’”’ 
“displaced. On page 307, line 1, change “Kgs. to “Eqs. 63.” 


page 308, Ec 69a, insert “24” before ‘ ‘Va.” On page , 309, Eq. 72, line 2, 
pag q- a.” On ps nq. 72, line 2, 


the first quantity in parentheses should read ‘ ‘l, Maz, 


Poss 
are 


case 
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DISCUSSIONS 


MISSISSIPPI RIVER DUBUQUE, IOWA 


7 


‘By JONATHAN JONES” 


a = 


M. . ASCE.— —This paper well exer exemplifies the type — 
_ descriptive account of current work which the Society should seek always to 
_ secure for its Transactions. _ Granted that current news accounts of struc- 
i: tures in general m may better be p presented elsewhere, it is important that Trans- 

actions serve as a complete reference work for the continuing development in 

structure types, including their history, the advantages and disadvantages 

claimed, and the methods of sapemoall and execution. | . Iti is to be regretted that, 


the obese can perform for its nine would be to adopt : a policy i in each 

Division which would ensure the procurement and publication: in Transac- 
tions of the ‘papers necessary to constitute such a history of progress in exe- ae 
The authors are to be commended for having selected for this written record . 

~ the features that will be of greatest benefit to a structural « engineer desiring to 


* Referring to the authors’ “Conclusions,” the writer is quite in agreement 
| that the bridge possesses a pleasing f form. The relative importance of aesthetic 
. “success in any given case must depend, to some extent, upon the question of ~ 
whether large numbers of people will find themselves in such a position as to 
behold the ‘structure in the aspect which has has concerned 1 the designer. -For- 
possibly ¢ a majority y of highway bridges: this condition does not hold, as they 
are beheld by the public from the decks only and not in n elevation. In such 
cases as that of a highway bridge visible to railway passengers on a , parallel 


structure, the writer has noted that a ‘surprising number of nonengineers do — 


per 


note and comment upon this matter « of appearance. ‘The e present structure 


Nore. —This paper by R. N. and Josef Sorkin was in in June, 1947, Proceedings. 
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stitute such a reference work. Many of the most important bridges, which * mr 3 
showed developments in type, extensions of span, etc., are to be found in its 
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JONES on DUBUQUE BRIDGE 


“being located adjacent. to a city” of ‘some the question « of 
pearance should be given more than ordinary weight. 
nai, The other general conclusion of the authors, | eve 
~ fundamentally, economical as compared with a cantilever 
by | the writer. | Unfortunately, no data can be assembled quickly to prove or 
disprove a contention of this type. There i is no point in attempting to obtain 


re 


recorded weights and costs of other structures. dItis impossible for a a designing 
engineer to weight the unit costs of structures of alternative types as a contrac- _ 

; tor will weight them i in estimating. In recent years several important highway 
* _ bridges have been built that are of a special. continuous type (not that of the 
Dubuque Bridge), the proponents of which w were able to prove by careful esti- 

‘mates that it would show definite e ‘economy over more conventional types. 
ving at last one purchaser took the logical step of preparing two sets of plans 
7 with: equal care and equal conservatism in all regards, and issuing them for 


4 alternative bids, » the pr ) prices for the ‘conventional type ‘were well under those for 


mF The writer mentions this as a ‘ ‘hedge”’ to his opinion that economy is not 
an advantage of the bridge type used at Dubuque; nor does he feel that the 
authors, although they state a basis for their conclusion, have pursued their 
argument toitsend. 
In the second paragraph under ‘ “Design . Procedure,” and in later descrip- 

- tion, the authors rs explain t the three phases essential to the erection procedure: — 
(1) The erection of the arch by cantilevering; (2) the manipulation of the end a 
reactions and the erection and stressing 0: of f the ce center span tie; and (3) comple- 
tion of erection of the floor steel and appurtenant details. : Now with erection 
labor costs what they are, there i is clearly no economy inherer nt in the taking B 
of “three bites at the same cherry.” . That these three phases were necessary is | 

a true, of ¢ course, and that the sesamin. into these phases ; decreased the amount - 
of weight to be supported during the first phase is equally true; but it is very — 
ee doubtful i in the writer’ ~ mind thats such a three- phase procedure, with the — 
time required for the performance, could cost as little a as the one-phase proce- 
: In the s second paragraph ‘under “Design Procedure,” also, the authors state: 


Shag form of the t trusses of ‘the central ¢ span lends itself to an economical 


- arrangement for cantilever erection with maximum depth over intermediate 

_ supports ti tapering to a minimum depth at the center of the span.” 
This statement, however, overlooks the fact that in a conventional canti- 


lever the depth of t the main trusses over the intermediate ) Supports would be 
: fairly ¢ close to twice the 70-ft depth « of the present s structure. ‘The depths of 
the arch structure were favorable for the > erection of the arches, but i unfavorable — 
‘for the erection of ‘the bridge as a whole. In Table 4, for instance, comparing 
Col. 8 with Col. 5, it will be noted that, for chords L4-L6, L6-L8, L8-L9; and - 
_U5-U7, U7- U9, and U9-U11, the total stresses under erection plus erection 
wind : are from two to four times as great : as the stresses for dead, live, ‘and im- 
‘pact loading. T The authors partly met this this situation by increasing ¢ erection 
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__ stresses 50% over the stresses of normal design. This increase was 


sion for considerable worry, and the writer would not care to erect such 
structure , under that assumption om again. | It must be remembered that er ee 
wind is not a figment of the imagination 1 Wind on a loaded structure in service | 
may be considered a hypothetical load, on the ground that during a hurricane — 
vehicles do not travel; but nothing can stop the wind from blowing at any stage 
—even the most unfavorable stage— e—of erection, and the provision for ample 
wind stress ata reasonable unit is is essential. __ Despite t this i increase in temporary 


unit stress, however, , the fact remains that there is permanently built into the : 


chords of this. bridge, over the intermediate piers, a great deal of steel which _ 
will never serve any useful } purpose again. It is difficult for the v wr iter to y under-— 
= how economy can necessarily be inherent in a design of which that is true. 7 

_ During the erection of a typical cantilever bridge, or of a three-span con- 
“tin uous bridge of the same > general outline as the cantilever, there i is no great 
excess of stress over that which will be developed by dead, live, and impact 
loading; the exceptions | being particularly « one  top-chord and one bottom- chord 
member per | truss in each half span, 1, lying between the cantilever arm and st sus- 
pended span. 4 These “wasted” members carry the moment from cantilevering _ 
only" the half length of the suspended span; instead of half the length of ‘the a 
‘span, as at Dubuque. As the erection of the typical cantilever or 
: tinuous span proceeds, all t the necessary material f for r support of liv live load is put : 
in . place. _ After the two halves of the bridge meet at midspan, one day spent — 
in adjusting the juncture between cantilever and suspended spans of the 
cantilever type, or adjusting the end reactions of the continuous type, com- 


; pletes the erection of the steel. - Economy, and safety of erection, both seem 


to inhere in these types. 


«dt would be a real contribution ‘if an owner would some ine do w what was _ 
described herein—issue, for bidding, alternative plans of a continuous-tied-arch 


structure and a more cantilever er type. 
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ounded 5.1 
DISCUSSIONS 


CLASSIFICATION IDENTIFICATION 
OF SOILS” 


E. Assoc. M. ASCE.—The critical review of the 
classification systems used i in civil engineering, as presented by the author, is a 
_ worthy contribution to the literature of soil mechanics.’ The author is to be 
- commended for. directing attention to the inadequacies of the much used tex- 
tural classification on systems according to which all soils, are distinguished | on the 
~ basis of grain-size composition. He has submitted ample evidence to support 
his thesis that the ‘grain-size ‘composition does not, by itself, reflect the ‘sig- 
nificant physical properties of fine-grained soils, 
Inthe proposed Airfield Classification (AC) System the author distinguishes 
2 two soil groups—the so-called coarse- -grained group and the 
fine-grained group. Sands and gravels comprise the first group and silts and 
the latter group. Soils of the coarse-grained group are distinguished 
primarily on the basis of grain-size composition. In general, a visual examina- 

2 7 oy will suffice to differentiate the eight soil types included in this g group. 

- The six soil types included in the fine-grained group, on the other hand, - 

: distinguished primarily by the degree of plasticity t that t they exhibit as measured 

by the simple, manual tests described by the author. is -noteworthy that in 
_: accordance with this system fourteen soil types, which have significantly differ-_ 

physical properties, can, with experience, be recognized by simple visual 
nd manual tests that can be made without the aid of | laboratory facilities. — 7 
The proposed system is flexible and, accordingly, suitable for classifying 

soils with respect to performance characteristics under a wide variety of condi- 
tions. — The author has referred to the AC system as the Airfield Classification 


- rag This name — a restrictive meaning ou does 1 not do ee to 


‘The author heading, “12. Fine- Grained Soil of nf AC 


System”’) that 0.1 mm be used as the boundary size between the coarse-grained 


Norte. —This paper by Arthur Casagrande appeared in June, 1947, Proceedings. — 
3 Prof. a Soil Mechanics, School of Civ. hae and Eng. Mechanics, Purdue Univ., Lafayette, Ind. 
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and d fine-grained groups— 


a eee usually those soils containing more than 50% of material smaller 
than 0.1 mm in size (passing No. 150 mesh) are classified as fine-grained 

soils (ML or CL); and soils containing less than 50% smaller than 0.1 mm 


in size are classified as coarse grained (SForSC).” | 


This arbitrary limit provides a convenient method of separating a $0 soil into its. 
component fractions for detailed laboratory | analysis. 7 If a soil is dispersed in 
water, the particles larger than approximately 0.1 ‘mm will s settle out very” 


quickly; those smaller than this : size will remain in aye. Bo the | 
process of asaiioneign and decanting. 
_ is suitably prepared for adry sieve analysis. 
- fines can be used for hydrometer analysis (if ‘the gradation 0 of this fraction | is. 
considered significant), | or the fines can be recovered from the wash water 
and subjected to other | tests that may be prescribed for the so-called tinder 
The binder fraction is usually defined (22)** as that fraction of a soil the 
constituents of which pass a standard No. 40 ‘sieve. The writer is of the 
‘opinion that the results of the physical tests such as the . Atterberg limit tests as 
Bases from the binder fraction, consisting of the fraction of a soil smaller 
size than 0.1 In mm, a, would be more than the results 


In te of the various methods of classifying soils 
‘includes one that he refers to as descriptive soil classification (see headin ,* 15, 
Descriptive Soil Classification”). _ This method, which is used extensively, 

consists in “Describing a soil in detail on the basis of a careful visual and manual: 

inspection, utilizing me more or less generally accepted nomenclature * * *.” | 
The author states (see heading, “15. . Descripture Soil Classification”) ‘that: ny 
“The disadvantage of the descriptive classification lies in a lack of uniformity of 
soil terminology.” ” The following remarks are directed particularly toward the 
soil terminology used i in a , descriptive soil ‘classification system. tr eet 
Confusion in terminology has arisen from the practice o of ierentiating 
soil types s quantitatively on the basis of ; grain size composition, from the use of 

- provincial names such as Boston Blue Clay, Chicago Blue Clay, etc., and from 

the use > of terms suc! such as marl ¢ and loam that do not convey sufficiently specific — 
meanings. — Tobe e acceptable : and useful, terminology used in a a descriptive : soil 


classification system should: 
PS 4s Consist. of terms with which a boring foreman, an earthwork engineer, 


and a soil mechanician are equally conversant; 


2. Describe the significant characteristics that can be determined quickly 
without the aid of laboratory facilities; 
. Be discriminating; and 
Convey a well- -defined meaning. 


Numerals in thus: (22), refer to corresponding items in the Bibliography | (see Appendix 
of the paper), and at the end of discussion in this issue. | 
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FADUM ON SOILS CLASSIFICATION Discussions 


posted that the following three size fractions be pratersiry as significant in 
describing | the e grain-size composition of a ‘soil—the gravel fraction, the sand. 
fraction, and the fine-grained fraction (composed of particles smaller than 0.1 
‘mm in size). ‘The composition in terms of these fractions can be expressed 
conveniently by a number system, as follows: 50-10-40 designates. a soil com- 
posed 50% by weight of gravel, 10% by weight of of sand, and 40% by weight o of 
' “fines; and 0-20-80 designates 20% by weight of sand and 80% by weight of 
fines. If ‘graphical representation is preferred, a triangular chart: similar to 
those shown in Fig. 3 could be used. Reasonable estimates of f composition 
_ according to these fractions suitable for identification purposes can be made 
without the aid aid of laboratory facilities. 


- As stated, , sands and gravels a are distinguished solely on the basis of the size 7 | 
of 


their constituent particles. = actors other than grain size, however, must be | 
considered i in between silts and 7. The author has directed 


‘The effect: o of f mineralogical composition, which i is s reflected L by the shape « of the 


(or fraction i is sdentifeed on the basis of the degree of plasticity and dry strength — 
of ite water content and it has considerable. strength when air- 
‘ dried. (The term plastic is used, herein, to describe that.property of a ma- 
- terial which enables it to be deformed quickly \ without exhibiting a noticeable 

rebound or volume change ar and without cracking or r crumbling.) A 


may | be | identical; yet, the physical properties can be significantly | different. = 


“aindried. ‘There are no simple, direct methods suitable for routine Sdentifica- 


tion and classification purposes by which the clay-like constituents of the fine- — 

grained fraction can be separated quantitatively from the silt-like constituents. a 
It is suggested, therefore, that the terms silt and clay be used in a — 


rather than in a quantitative sense. 


In of ‘the foregoing remarks ans and it in interest of promoting 


qualified by the adjectives SO as to make the 
tion of a soil complete and discriminating. 
ie Distinction between silts and clays shall not be based upon the size of 


3 . The terms * ‘silt”’ and ‘ ‘clay” ‘shall be used i in ualitative rather than in 
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following summarized recommendations are proposed: 
The terms “gravel,” “sand,” “silt,” and “‘clay,’”’ used singly or in com- 
if 
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ON SOILS CLASSIFICATION 


composition 


fraction of a all the constituents of which ¢ are smaller than 0.1 mm in size 
tt 6. The fine-grained fraction shall be designated “silt” if it cannot be made 
and if ite exhibits little or no strength when air-dried. (Careful distinc- 
tion n must be made between i inorganic organic silts (23).) 


— 7. The fine-grained fraction shall be designated ‘‘clay” if it can be made 


plastic by an adjustment of its water content and if it exhibits considerable 


q 


he foregoing writer to the 


American Society for Engineering Education for use in formulating a set o of — 7 


standard definitions (24), 
— 


“Preparation of Soil for Mechanical Analysis" and Determina- 
of Subgrade Constants,” Designation D 421-39, A.S.T.M. Stand- 
“Exploration of Soil Conditions and Sampling Operations,” by 


Mohr, Publication No. ‘876, Graduate School of Eng., Harvard Univ. 
Cambridge, Mass., 3d Ed., November, 1943, pp. 9- 12. ‘(ae 
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